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Summary 
 
This thesis focuses on the preparation of functional synthetic polymer fibres and films using 
the process called solvent crazing. Solvent crazing is a very complex phenomenon, which is 
realized by polymer drawing in the presence of liquid environment. Three principle stages of 
solvent crazing i.e. craze nucleation, craze propagation, and craze thickening, show statistical 
character associated with structural inhomogenity inherent in any polymer. The rate of craze 
propagation and craze thickening are controlled by the local stress at the boundary between 
oriented and unoriented polymer regions. In turn, this stress is developed due to the as-formed 
specific structure of the nucleated crazes. The later factor is responsible for an obvious 
correlation between the rate of craze thickening and fine structure of the nucleated craze. The 
development of the fine craze structure is controlled by the action of surface forces and 
applied stress. Fibril flexibility within the craze volume favours realization of certain 
relaxation process and development of a three-dimensional coagulation network composed of 
fibrillar aggregates. The final stage of solvent crazing i.e. collapse of the formed porous 
structure is also controlled by fibril flexibility. This stage involves effective fibril coagulation 
which is accompanied by syneresis i.e. transport of certain fraction of liquid from the craze 
porous structure. 
The advantages of the proposed approach of solvent crazing are that, as this method does not 
require any thermodynamic compatibility between components, compounds can be 
incorporated in the polymer bulk in the form of additives dissolved in the solvent/ medium 
that wets the polymer surface. One can use quite different polymers and additives in the 
process for the preparation of wide range of polymer blends. Process is limited with the use of 
low or partially oriented polymer material and the liquid medium (solvents) in which the 
polymer material is stretched. As solvent crazing is not limited to a particular polymer, here, 
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PET was chosen as a polymer material to study the process since it is frequently used alone or 
in combination with natural fibres for various applications.  
Furthermore, depending on the additives introduced in the polymer bulk, the applications of 
the functionalized polymers were discussed. It has been shown that successive drawing in 
solutions containing rhodamine B (red fluorescence), auramine (green fluorescence), and 
blankophor CLE (blue fluorescence) provides microscopically distinguishable chambers 
containing pure dyes, but altering the relative amounts of the dyes can be used to tune the 
macroscopically perceived fluorescence colour. The combination of three fluorescence dyes 
which absorbs wavelength in the ultraviolet region and radiates in the visible region where it 
imparts white light to the fibres was found. In order to demonstrate the industrial application 
of the above described process, a model 30 × 30 cm demonstrator was developed by 
incorporation of blankophor CLE (brightener) in black PET fibres. Blankophor CLE dye 
being a fluorescent brightener does not impart any colour to the fibres macroscopically but, 
shows a blue fluorescence when exposed to UV light. To produce a knitted fabric, a textile 
chain was setup consisting of a number of companies specialized in each steps like spinning, 
crimping, cutting etc. 
The process is also used to prepare antibacterial active PET fibres by incorporating zinc ions. 
The amount of zinc incorporated can be controlled by the solution concentration and the 
prepared fibres serve as release systems. Given the fact that the fibres are designed as a 
release system, they exhibit a fair washing fastness. The described material could, therefore, 
be used in medical textiles applications such as dressings, band-aids, masks and other single-
use items, in technical textiles such as filters and insulation material, in home furniture as 
padding and mattresses as well as in clothing, which are subject to dry cleaning. 
The process also deals with the functionalisation of low-oriented PET films. A novel 
approach for the preparation of anisotropically conductive film and subsequent precipitation 
of metallic silver nanoparticles in the crazes were shown. The microvoids formed during the 
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solvent crazing of PET films was used as nanoreactors to precipitate percolating silver-
nanoparticle networks by counter diffusion method. Different reducing agent namely, 
hydrazine sulphate, tin(II) methane sulphonate, ß-lactose and formaldehyde were taken into 
the account to precipitate silver nanoparticles in the PET film. To generate metallic veins that 
penetrate the complete cross section of the film, formaldehyde showed the perfect 
precipitation of Ag particles. The resulting structure resembles a parallel arrangement of wires, 
and anisotropy arises from the repetitive pattern of silver veins and unstretched polymer. By 
this method, anisotropically conductive polymer films were generated.  
Further on the prepared anisotropically conductive polymer films, linear relationship between 
current and voltage was established in the high-conductivity direction at low amplitude 
showing that the film is an ohmic conductor. The idea of making polymer films containing 
metallic nanoparticles with electrical conductivity provides a new, relatively simple and cheap 
path to designing a material that resembles an arrangement of parallel microwires. Although 
the crazing process so far does not give rise to highly regular patterns, the material might be 
considered as an alternative to commercial ribbon cables in some special cases, and could be 
used for electronic interconnects, electrostatic protection and electromagnetic interference 
shielding, wire-grid polarizers, and other passive microwave components. 
Analytical techniques such as SEM-EDX, TEM, optical and fluorescence microscopy, DSC, 
WAXD, TCR (temperature coefficient of resistivity), cyclic voltammetry, frequency 
dependence of the impedance and many more have been extensively used to characterize the 
functionalized polymer films and fibres.  
 
  
 
Chapter 1 
 
 
Introduction and contents of the thesis. 
 
 
1.1 Introduction 
 
Polymers are large carbon-containing molecules that are made up of several repeated 
molecular units repetitively bonded together to form large chains. The polymers are classified 
based on the mechanism into step and chain polymerization.1 The step polymerization 
proceeds by stepwise reaction between functional group of the reactants for example poly 
(ethyleneterephthalate) (PET) formed from reaction of terephthalic acid and ethylene glycol 
(Figure 1A). 
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Figure 1: Reaction presenting the example of step polymerization (A) and chain 
polymerization (B). 
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In chain polymerization an initiator is used to produce a species R* with reactive center which 
may be radical cation or anion. Polymerization proceeds by propagation of reactive center by 
successive addition of large number of monomer molecules in a chain reaction. In chain 
polymerization, polymer growth takes place by monomer reacting only with the reactive 
center. The most common example of chain polymerization is that of vinyl monomer as 
shown in Figure 1B. The molecular weight of a polymer is of prime importance in the 
polymer synthesis and application. High molecular weight polymers are usually required to 
obtain high strengths for the practical applications. The minimum useful molecular weight, 
usually in the range of 5000 g/mol to 10000 g/mol, differs for different polymers.  The 
molecular structure, conformation and orientation of the polymers can have a major effect on 
the macroscopic properties of the material.  
Polymers can also be classified into thermoplastics and thermosets.2 Thermoplastic polymers 
e.g. polyethylene, polypropylene, nylon, cellulose etc. are capable of flow when heated such 
that the molecules have enough energy to overcome the intermolecular attractions and regain 
its original form on cooling back. Whereas thermoset polymers are referred to as cross-linked 
three dimensional polymers like phenolics, epoxy resins etc. Based on state of aggregation 
polymers can be classified into amorphous and crystalline polymers.3 The term crystalline and 
amorphous polymers are used to indicate the ordered and unordered polymer regions 
respectively. Amorphous polymers e.g. polystyrene, polycarbonates, poly(methyl 
methacrylate) etc. are characterized by glass transition temperature (Tg) which is a transition 
from glassy state (below Tg) to rubbery state (above Tg). In the glassy state the molecular 
movement other than bond vibration is very limited. Above Tg the molecule has more energy 
and movement of molecular segments become possible. At this stage molecules take up 
random coiled conformation as a result of free rotation about single covalent bond in the 
chain backbone. Amorphous polymers do not have melting points, but rather softening ranges, 
are normally transparent, and undergo only small volume changes when solidifying from the 
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melt, or when the solid softens and becomes fluid. Crystalline polymers, on the other hand, 
have considerable order to the molecules in the solid state, indicating that many of the other 
atoms are regularly spaced. These polymers have a true melting point with a latent heat of 
fusion associated with the melting and freezing process. Completely crystalline polymers are 
rarely encountered. Mostly polymers are completely amorphous or semi-crystalline. Semi-
crystalline polymers will exhibit both glass transition and melting temperature (Tm). An 
infinite variety of polymeric materials can be produced. Different polymers are synthesized to 
yield various mechanical behaviours by appropriate combination of glass transition 
temperature, melting temperature, crystallinity and cross-linking. Depending on the 
combination of properties, a polymer can be used as plastic, fibres, films or elastomer.3 
Elastomers are group of polymers which can undergo large reversible elongations at relatively 
low stress. Whereas fibres and films have very high resistance to deformation but have high 
tensile strength and modulus.3 
In early 50’s it was observed that the optical transparency of polymer material starts to 
diminish over time.4 During the study of yield behaviour it was observed that under certain 
conditions, specimen becomes opaque. The opacity was interpreted as being due to premature 
failure of the polymer material. Despite the widespread use of polymer products in 
engineering applications, they are still an easy target of failure. The factors of failure may be 
related to processing, design, material selection, or caused by the environment. Thus, it is 
important to understand and be able to characterize the mechanical properties of the material. 
Brittle and ductile are the two important possible modes of failure for engineering materials.3 
Ductile materials absorb high energy before failure and exhibit substantial plastic deformation. 
On the other hand, there is no plastic deformation with low energy absorption accompanying 
a brittle fracture.5 In thermoplastics polymers different modes of plastic deformation can 
coexist out of which the most important that follows here are necking and crazing.6, 7 Necking 
is a process by which ductile material deforms under tension forming thin necks and reducing 
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the cross sectional area of the material. As soon as a neck appears there is a plastic flow of the 
material and orientation of polymer chains takes place. On further stretching the material 
becomes more oriented. Necks travel towards the end of the material and finally it breaks as  
shown in Figure 2. 
  
 
 
 
 
 
 
 
Figure 2: Stress-strain curve in air. The formation of a single neck is represented by number 1 
in the curve. 
 
On the other hand, a predominant failure mechanism in polymeric materials is crazing. The 
crazes are known to be a minute opening which contains a large number of fibrils with 
oriented molecules.8–11 The fibrils render the craze some stress-bearing capabilities until the 
fibril breakdown leads to large voids inside the craze that eventually grow to become a crack. 
An understanding of crazing process is, therefore, important to gain insight into the 
mechanics of failure in polymer materials. The phenomenon of crazing of thermoplastic 
materials has been under intensive investigation by many scientists.12–16 Crazing is a form of 
localized plastic deformation17 in the tensile stress direction without (significant) lateral 
contraction.18, 19 Russell20 has classified crazing as stress crazing, solvent crazing and 
combinations of the two. Maxwell and Rahm21 have likewise reported observations of crazing 
produced both by combined action of stress and solvent. The fibrils which are aligned in the 
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direction of the applied load run in and out of the cleavage surfaces thereby acting as load 
bearing links.4 The exposure of polymers to liquid tends to accelerate the crazing process, 
initiating crazes at stresses that are much lower than the stress causing necking in air.22 The 
action of either a tensile stress or a liquid alone would be enough to cause failure. Kambour23 
observed that the crazed matter exhibits plastic deformations when subjected to a tensile load 
and Regel24 found that after the crazes are initiated in a polymer they tend to grow to a certain 
size corresponding to the magnitude of the applied load.  
Crazing is also defined as a process that frequently precedes fracture in glassy thermoplastic 
polymers. This process is accompanied by polymer dispersion into fine aggregates of oriented 
macromolecules (fibrils), which are separated by microvoids. The dimensions of craze fibrils 
and microvoids do not exceed 20 nm. Correlation between the conditions of tensile drawing, 
the nature of the polymer and liquid environment, and the parameters of the fibrillar-porous 
structure of the crazes allows one to consider solvent crazing as a promising method for the 
development of highly dispersed porous materials with controlled structure.25, 26 Depending 
upon the amorphous and crystalline nature of polymers, there are two modes of solvent 
crazing: classical localized crazing and delocalized or intercrystallite solvent crazing.18, 27  
When the tensile drawing of the polymer in the presence of liquid environment proceeds via 
the mechanism of classical solvent crazing, polymer deformation is localized in narrow zones 
(crazes). The transition of the polymer into the oriented state is accompanied by the 
dispersion of polymer/additives into fine craze fibrils (between which the voids are filled with 
the liquid medium). In this mechanism individual crazes are separated by the regions of bulk 
unstretched polymer. With increasing tensile strain, the diameter of craze fibrils and the pores 
between the neighbouring fibrils remain invariable. The fractional content of the 
polymer/additive in the crazes increases and the length of the regions of unstretched polymer 
between the crazes decreases. Whereas in contrast to classical solvent crazing, the mechanism 
of delocalised solvent crazing is not accompanied by the formation of individual pores. The 
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development of macroscopic porosity takes place throughout the entire volume of the polymer. 
The porosity is localized with in the amorphous regions of the semi-crystalline polymer and is 
first involved during the plastic deformation of the polymer material. For most of the semi-
crystalline polymers, their amorphous phase is continuous and the nucleated pores appear to 
be interconnected and uniformly distributed in the whole volume of the polymer sample. Even 
though, depending on the mode of solvent crazing, the mechanism of polymer stretching is 
different, in both cases, highly disperse porous materials with a volume porosity up to 50–
60% are obtained.25 Highly dispersed and porous polymer materials prepared via solvent 
crazing can serve as suitable matrices or substrates for the preparation of nanocomposites28 
and polymer blends.29, 30 
Crazes are important because they are precursors of brittle fracture.23, 31–33 Polymers generally 
craze more readily when an organic fluid is present.34 There is much published data showing 
that organic liquids and vapours reduce the stress, strain, or energy of crazing.35 The means by 
which organic fluids support crazing has not been established but data has been published in 
support of two mechanisms which are currently favoured. These are (i) reduction in the 
specific surface energy or surface tension of the polymer by the liquid so that the fracture 
energy is decreased and (ii) local plasticization of the polymer in regions of incipient craze 
formation so as to reduce the energy absorbed by deformation processes occurring during 
crazing. Kambour’s calculations36 have shown that during fracture in air only a few percent of 
the fracture energy is necessary for the formation of new surface, the remainder being 
dissipated in deformation processes, i.e. in the formation and deformation of crazes.37 It 
would seem therefore that liquids which dramatically reduce the energy of craze formation 
must do so principally by facilitating deformation, i.e. by localized plasticization. A 
secondary effect of plasticization could be to reduce the thickness of the deformed layer 
because of the finite rate of diffusion of the liquid in the polymer. This would also decrease 
the fracture energy.  
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Inelastic deformation of polymers describes the deformation of a material undergoing non-
reversible changes of shape in response to applied forces. It is known to be accompanied by 
the mutual orientation of macromolecules. Deformation of a polymer in the air via necking 
and deformation of the polymer during stretching in solvent via crazing have some common 
features.38 In both cases the deformation is highly non-uniform and the resultant structure 
contains coexisting regions of oriented and unoriented polymer. Deformation of amorphous 
polymers below glass transition temperature (Tg) is not uniform and transition of the polymer 
into the oriented state takes place via the formation of neck due to ductile-brittle transition 
finally leading to fracture.38 Annealing polymer samples below Tg39 is accompanied by 
marked changes in specific volume, enthalpy, shear and loss modulus. Crazed polymer is 
characterized by a high ability for self healing and spontaneous closure of its nanoporous 
structure in the temperature region below Tg. If the aging of polymer is performed for a long 
time, it recovers the initial monolithic structure i.e. craze walls approaches each other and 
close down. In contrast to the deformation of polymer taking place during tensile drawing in 
air, crazing in the presence of solvent proceeds within a wider interval of tensile strains of the 
material.40 A gradual transition of the polymer into the oriented state at the craze–(bulk 
polymer) boundary is accompanied by the development of a marked macroscopic porosity 
within crazes,40 and the inner nanoporous structure of crazes is stabilized by the action of 
solvent. Tensile drawing of polymer in solvent is accompanied by a specific transition from 
loosened structure to a compact structure during the constant tensile stress. Owing to this 
transition, the polymer acquires its characteristic structure, which is composed of densely 
packed fibrillar aggregates oriented along the direction of tensile drawing.41 Deformation of 
polymer material in solvent is described in detail below. 
Crazing starts with the nucleation of microvoids in regions of stress concentrations and 
propagates in the direction perpendicular to the tensile stress. However, after further craze 
widening, fibrils break down and a micro-crack is formed. Depending on the type of polymer, 
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the stress state, loading rate, temperature etc. the ultimate fracture occurs by the propagation 
of crazing, or by the linking-up of large numbers of micro-cracks. Depending on the material 
and conditions, the bulk material can remain elastic during crazing or may take place in 
competition with plastic flow (or shear yielding). Crazing involves not only development of a 
new surface, i.e. microvoids in the craze structure, but also polymer orientation in the craze 
fibrils.  
 
 
 
 
 
 
 
 
Figure 3: Stress-strain curve in solvent. The formation of a crazes and multiple necks are 
represented by number 1 & 2 respectively in the curve. Dotted black arrow shows yield point. 
 
Nevertheless, the shape of the stress-strain curves in Figure 3 realized on polymer drawing in 
the presence of solvent is similar to that in air as shown in Figure 2. The curves show well 
defined yield point (cf. Fig. 2) followed by stress drop and post-yield plateau. At relatively 
low tensile strains, yield point is the most important seen in the stress-strain curves. 
Considering the effect of liquid medium on polymer behaviour, two factors should be taken 
into account. The first factor is related to intermolecular interactions between polymer and 
liquid environment. The second factor is referred to as kinetic factor. This factor is associated 
with transport of liquid medium to the sites of polymer plastic deformation. 
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However, to gain a deeper insight in the mechanism of plastic deformation, one should 
consider a phenomenon of polymer fibrillation which leads to the formation of fine 
aggregates of oriented molecules into the polymer bulk. The diameter of such aggregates is 
estimated to be tens or hundreds of angstroms.25 According to Peterlin,42 the principle stress 
resistance is associated with quasi-viscous friction forces acting on highly developed surfaces 
of fibrils. Strength properties of both amorphous and semi-crystalline polymers are also 
known to be controlled by fibrillar morphology.43, 44 Tensile drawing of a polymer samples is 
associated with stress concentration at the weakest site. At this site, the stress level appears to 
be much higher as compared with the mean stress applied to the sample.  
Crazing can be classified into several relatively independent stages: craze nucleation 
(initiation) wherein a small crack forms at some point of high stress concentration, craze 
propagation during which the craze propagates and form multiple necks on further 
deformation, and craze widening (thickening). At high strains, final stage of crazing is 
observed i.e. collapse of porous structure of crazes (Figure 4). Note that the later stage may be 
realized only for solvent crazing and will be discussed in details below.  
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I II III IV
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Figure 4: Schematic and graphical representation of the solvent-crazing process. Starting at 
ε=0, increasing the strain leads to craze nucleation (I), craze propagation (II), multiple 
necking and  craze widening/propagating (III), and finally craze collapse (IV).  
 
The effects of chain orientation in polymers on crazing have usually invoked the following 
ideas: (i) chain segments already directed in the stress direction cannot be oriented any 
further; (ii) plastic flow depends on the availability of chain segments oriented in 
perpendicular directions that can, by some mechanism, respond to the stress by changing in 
their alignment direction; and (iii) the effect of annealing during stretching principally is to 
change the number of segments aligned in a particular direction.45  
As discussed above, the deformation of amorphous and semi-crystalline polymers in the 
presence of liquid medium proceeds via the mechanism of solvent or wet crazing. In 
connection with this, an important problem is related to a proper choice of such liquid 
environments. The medium which is able to lower the polymer surface tension i.e. solvent 
that wets the polymer surface does not swell or dissolve the polymer material because of 
thermodynamic, kinetic or steric reasons. Examination of mechanical behaviour of some 
polymers such as PET in the presence of various aliphatic alcohols showed that even though 
no polymer swelling and no decrease in polymer elastic modulus was observed in these 
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mediums, the corresponding stress-strain curve appears to be shifted towards much lower 
stresses. Such decrease in the mechanical characteristics of polymer under the action of liquid 
medium was rationalised not by polymer plasticization but by enhancement of structural 
rearrangements at the boundaries of polymer structures.25 The multistage nature of the process 
is briefly explained below.  
 
1.1.1 Craze Nucleation 
The term craze nucleation/initiation in polymers is used to represent the appearance of the 
first visible crazes rather than the microscopic induction period of craze formation.8 It follows 
that a criterion for craze initiation could constitute a rational engineering design limit. Menges 
and coworkers46, 47 were the first to describe craze initiation in terms of simple engineering 
parameters. Under tensile creep conditions, the creep strain at crazing is decreased, and the 
induction period for crazing increases with decreasing levels of applied stress. The word creep 
refers to the tendency of a solid material to slowly move or deform permanently under the 
influence of a permanent stress. Craze nucleation occurs in a stress at which the material 
deforms and leads to the formation of interpenetrating micro-voids and fibrils.48, 49 Craze 
initiation50 has been recognized to have time-stress interdependence, the lower the applied 
tensile stress or strain the longer before crazing initiates. This induction time may be related 
to the formation of a cavity of a certain critical size or it may be related primarily to the 
adjacent cavities sufficiently large in number to allow the new craze to scatter light. The 
induction time for initiation has long been recognized to be a statistical quantity. That is, 
under a fixed load crazes initiate over a range of times.  
As was mentioned earlier, stress-strain curves obtained on polymer drawing in the presence of 
liquid medium has much in common with the stress-strain curve of polymer drawing in air. 
Figure 2 and 3 presents the comparison of stress-strain curve. Figure 2 and 3 leads to two 
important conclusions: first, there is a certain well defined range of strains where no crazes 
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are produced. This region is rather narrow and covers only 1 – 3% of total strain. Second, as 
stress increases an increase in craze density is observed. At yield point followed by stress 
drop, craze nucleation is inhibited. At a certain threshold stress, the sites of localized polymer 
deformation come into play. As stress increases, more stress concentrating sites appears to be 
involved in polymer deformation. Obviously, stress relaxation is accompanied by termination 
of craze nucleation. That is, at a given stress level, only certain number of crazes is nucleated. 
According to the experimental evidence,25 the lower the surface energy, the higher the density 
of nucleated crazes i.e. the higher the ability of the liquid environment to lower polymer 
surface tension, the higher the number of crazes nucleated at polymer surface. The crazes are 
known to nucleate at polymer surface where a direct contact between the polymer sample and 
the liquid environment is provided. When a polymer sample is subjected to tensile stress in 
the presence of a liquid environment, stress concentration at surface defects takes place. With 
respect to stress concentration of such defects, some of them lose their stability. As a result, 
nucleation of local zone of plastic deformation (crazes) is observed.51 Varying the level of the 
applied tensile stress and interfacial surface energy, one can control the number of the defects 
i.e. to control the density of nucleated crazes. Note that the polymer response to the applied 
tensile stress is not immediate. This means that most defects are first involved in craze 
nucleation. Then, as the applied stress increases, the less potent defects come into play. The 
craze nucleated at the most potent defects appears to be faster. Thus one can say that at the 
sites where the maximal stress is localized, the most fast-growing crazes nucleate. The 
applied stress is the only driving force of crazing similar to any other mode of plastic 
deformation. 
To conclude, in the case of solvent crazing, craze nucleation shows a well-defined critical 
character and may be well described within the thermodynamic approach by Griffith.25 The 
approach was proposed for fracture of elastic-brittle solids where the work fracture i.e. the 
amount of energy transferred by a force acting through a distance is transformed into the 
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surface work i.e. the work done in forming new surfaces. Application of this criterion for 
solvent crazing implies that this process of craze nucleation is similar to the fracture 
conditions in elastic brittle materials. Fulfilment of the Griffith criterion means that in case of 
solvent crazing micro-heterogeneities existing in any polymer sample lose their stability and 
serve as the sites of plastic deformation. Furthermore, craze nucleation allows one to estimate 
surface perfection of a polymer and may serve as a specific method of surface defectoscopy.  
 
1.1.2 Craze Propagation 
As shown in section 1.1.1, craze nucleation is a very complicated phenomenon, which 
depends, on surface perfection of a polymer. In connection with this, this process is controlled 
by a number of factors including internal, such as polymer structure, and external, such as 
nature of liquid environment, applied stress, drawing temperature etc. Evidently, both stages 
of solvent crazing, craze nucleation and craze propagation (also called as craze tip advance), 
are interconnected and the stage of craze nucleation has a strong effect on craze propagation.52 
Crazes propagate perpendicular to the tensile stress on further uniaxial deformation of 
polymer material.25 Although each individual craze is characterized by its own constant rate 
of craze tip advance, for different crazes these values vary in a wide range. The kinetics of 
solvent crazing25 shows the effect of various factors on the most probable rate of craze 
propagation. The most probable rate is the averaged rate of polymer transition into oriented 
state and this transition takes place in a narrow region between the unoriented part of the 
polymer sample and a growing neck.53 Specific polymer structure within this confined 
volume and penetration of surrounded liquid into it have a strong effect on this process.  
The adsorption interaction between polymer material and liquid environment in the stage of 
craze propagation plays an important role. The higher the viscosity of the liquid promoting 
solvent crazing, the lower is the rate of craze propagation, and vice versa. Evidently,   
polymer transition to oriented state is controlled by kinetic factors. Since, mechanical stress is 
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the only driving force of this process, activation energy of the polymer should involve the 
contribution from activation processes of viscous flow of the corresponding liquids through 
porous structure. As a result, transport properties of liquids appears to have a strong effect on 
craze propagation and, hence, on plastic deformation in whole. This effect is characteristic of 
solvent crazing only at the stage of craze tip advance. The limitation factor is related to 
adsorption activity of liquid environment. Under tensile stress, at the stress-concentration sites, 
craze nucleation takes place and no liquid transfer is required. At the same time, the craze 
propagates by a continuous delivery of active liquid to the craze tip via viscous flow through 
fine interconnected pores in craze material. Obviously, this transport is hindered by high 
hydrodynamic resistance. At low concentrations, viscosities of aqueous solutions are quite 
similar. In the case of more active liquids, the rate of craze tip advance increases, and vice 
versa. This makes it clear why the rate of craze tip advance is controlled by transport 
properties of liquid environment. 
 
1.1.3 Craze Widening 
The stage of craze tip advance/craze propagation is followed by the stage of craze 
thickening,54 i.e. separation of craze surfaces and lengthening of the craze fibrils. In the case 
of solvent crazing, this stage is easily studied. In the presence of liquid environment, the rate 
of craze tip advance is rather high. As the craze tip advances in the direction normal to 
principle stress, its thickness increases in the direction normal to craze surface. Once the 
craze propagates through the polymer cross-section, craze thickening is observed.  
The growing rate of craze widening is controlled by the applied stress. Even a slight increase 
in the applied tensile stress results in widening distribution curve. The stages of craze tip 
advance and craze thickening appear to have much in common. As discussed in section 1.1.2, 
craze thickening is also affected by the nature of liquid environment under tensile stress.25 
The applied stress is not a single parameter that controls the thickening rate distribution. This 
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appears to be very sensitive to the nature of liquid environment. The behaviour is quite 
similar to that observed in the case of craze tip advance. The faster the incorporation of the 
liquid medium into the crazes, the lower the craze thickening rate. This phenomenon may be 
rationalized considering the kinetics of liquid transport into the active deformation zone. The 
higher the surface activity of the liquid environment, the lower is the corresponding diffusion 
coefficient of liquid in the polymer bulk. 
The effect of temperature on craze widening rate also plays an important role. Experimental 
reports showed that even a slight change in temperature (approximately 5 °C) results in the 
rate of craze thickening.25 This behaviour may be reasonably explained in terms of activation 
energy of craze thickening. This is related to the fact that both processes, craze widening and 
craze propagation show similar dependence on such parameters as applied stress, temperature, 
and nature of active liquid environment. In both cases, the stress-induced and solvent assisted 
polymer transition into oriented state occurs. The only difference is related to localization of 
this transition. In the first case, the transition takes place at the craze tip within a small 
volume, whereas in the second case, polymer transformation is localized at the craze/bulk 
polymer boundary. This stage is characterized not only by a distribution of the craze 
thickening rates but also by a distribution of the extension rations of craze fibrils. If the craze 
thickening rate is directly related to extension ratio of craze fibrils then the corresponding 
distribution of fibril extension ratio is immediately obtained from the distribution of craze 
thickening rates.55 The extension ratio of craze fibrils is generally found to be different for 
different crazes observed in one and the same solvent crazed polymer sample. Polymer 
properties are better described by the corresponding distribution of draw ratios (a measure of 
the degree of stretching during the orientation) in craze fibrils. There is a well-defined 
correlation between these parameters: the higher the craze thickening rate, the higher the 
fibril draw ratio (or the lower the volume friction of fibrils). The existence of a distribution of 
the craze thickening rates suggests the existence of the distribution of the widths of 
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thickening crazes and certain fraction of fast-growing crazes. These crazes are the first ones 
to propagate through polymer cross-section, and when the crazes with slower rates propagate 
through the sample cross-section, the width of the fast-growing crazes is rather high. The 
behaviour is well defined by the distribution of craze widths. The wider the craze, the higher 
is the rate of craze widening. As mentioned earlier, each craze propagates through polymer 
cross-section with a constant rate. The level of stress at the stress-concentrating site of craze 
nucleation is responsible only for craze nucleation and not for craze tip advance. 
The fundamental difference between craze nucleation and the stages of craze tip advance and 
craze thickening can be outlined as follows: At the initial stage of craze nucleation, the local 
stress at the stress-concentrating surface defects gives rise to craze nucleation and controls 
the fine structure of crazes. The stress level is responsible for the dimensions of the fine 
structure of crazes. At the two following stages of craze propagation and craze thickening, 
the fine structure localized at the region of polymer transition to oriented state appears to 
control the profile of local stress.25 In turn, this local stress governs the rate of polymer 
transition to oriented state or, in other words, the rate of the craze tip advance or craze 
thickening. The reasons for the constancy of the growth rates for each individual craze were 
explained by R. P. Kambour: “Movement of the craze tip forward to a new position is 
accompanied by a similar transition of the stress field surrounding the craze tip without any 
change in the magnitude of the stress concentration.” 
The difference between the stages of craze tip advance and craze widening is primarily 
related to the structure of local volume, in which polymer transition to oriented state takes 
place. During the craze tip advance, polymer orientation at the craze tip is observed. Fibrillar-
porous structure appears to have a strong effect on the following stage of craze widening. As 
a result of different stresses realized at the staged of craze tip advance and craze widening, 
the craze structure produced is also different. It seems likely that the craze structure formed at 
the stage of craze propagation somehow controls the craze structure formed at the stage of 
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craze thickening. As shown earlier, the craze tip advance is characterized by the existence of 
rate distribution, and hence, the similar situation is realized at the stage of craze thickening. 
 
Dynamics of solvent crazing and fine structure of crazes 
An intermediate relation between the two stages of craze growth (craze propagation and craze 
thickening) and craze inner structure is suggested by the evidences on the dynamics of the 
solvent crazing. As mentioned by Karmer,56 there are two principle operative mechanism of 
the development of the fibrillar-porous craze structure. The first mechanism is so-called 
surface drawing mechanism. In this case, the craze widening proceeds via drawing new 
polymer into fibrils from the craze interfaces. This process is similar to polymer drawing via 
necking. The extension ratio of polymer fibrils and fibril diameter are constant for a given 
stress on the craze surface and independent of the macroscopic strain. The second mechanism 
of craze widening is referred to as a fibril creep mechanism. In this case, once fibrils are 
created at the craze tip, they extend in length by creep with no new polymer being drawn into 
the fibrils at the craze surface. The first mechanism refers to dry crazing whereas the second 
mechanism to solvent crazing.  This conclusion seems to be rather reasonable, since in the 
case of solvent crazing one should anticipate that probability of sorption of low-molecular 
mass components (liquids) by bulk polymer and polymer fibrils is much higher. Such sorption 
is likely to be accompanied by polymer plasticization and decrease in glass transition. 
 
1.1.4 Final stage of solvent crazing- collapse of porous craze structure 
As discussed earlier, the pores are of colloidal dimensions and able to experience structural 
rearrangements. This behaviour is controlled by fibril flexibilty. The flexibility of fibrillar 
aggregates provides their coagulation after the evaporation of solvent, which is accompanied 
by lowering in interfacial surface of such systems and development of network structures. It is 
also controlled by varying fibril length. In turn, provided all other conditions are the same, 
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fibril length is proportional to macroscopic strain of solvent crazed polymer. In the case of 
craze widening, it implies an increase in length of individual fibrils, since macroscopic 
manifestation of this process is craze opening and increasing the distance between the craze 
walls. In other words, all other conditions being the same, solvent crazing is accompanied not 
only by polymer transition into oriented state but also by continuous increase in fibril length 
and fibril flexibility.57 Polymer drawing with a constant strain rate or under constant load 
(creep conditions) in the presence of liquid environment allows realization of polymer 
deformation via classical crazing to rather high strains. At low strains, polymer drawing in the 
presence of liquid environment proceeds without any side contraction. Typical whitening of 
the sample can be observed indicating the development of multiple crazes with well-defined 
porous structure. It is known that polymer drawing in the presence of liquid medium is 
accompanied by a certain structural transition. This transition is associated with the changes 
in the direction of mass transfer. Schematic representation of structural rearrangements in 
polymer structure taking place during polymer drawing in the presence of liquid environment 
as supported by direct microscopic observations is presented in Figure 5. 
 
Figure 5: Schematic representation of collapse of the porous structure of solvent crazed 
polymer. A-C are the different stages of tensile drawing and grey line represents the fibril 
structure. 
 
At low strains (Fig. 5A), polymer deformation proceeds via nucleation and growth of crazes 
with a well-defined fibrillar-porous structure. The craze fibrils are separated from each other. 
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A specific colloidal structure composed of long and thin fibrils bridging the craze walls is 
formed. The lateral dimensions of such fibrils are tens-hundreds of angstroms. In connection 
with this, such craze fibrils may be considered as colloidal structures, which are able to 
participate in the Brownian motion. However, the ends of the fibrils are fixed at the opposite 
walls of the crazes, and the Brownian motion only occurs in the direction perpendicular to the 
principle axis of craze fibrils, similar to the motion of a string with two fixed ends. As any 
colloidal system, such specific system is thermodynamically unstable but stabilized by active 
liquid environment, which is capable lowering surface energy. As macroscopic strain increase, 
a continuous transition of bulk polymer into oriented state takes place. As a result, the fraction 
of unoriented bulk polymer decreases and the length of individual craze fibrils increases. This 
process is accompanied by an increase in specific surface of the system, and flexibility and 
mobility of the craze fibrils tend to increase.58 As strain increases, limitations of fibril 
mobility within the craze volume are lifted. Hence, polymer fibrils become rather mobile and 
are able to interact with other due to thermal motion (Fig. 5B, C). The normal stresses 
induced by polymer drawing should favour fibril coming closer to each other. Similar to 
typical colloidal systems, as a result of the action of mechanical stresses and thermal 
collisions, a certain disruption of adsorption layer on the surface of the individual craze fibrils 
may occur. Such unstable regions are able to approach each other by the distance of action of 
intermolecular forces and coagulate. In other words, coagulation of the craze matter in the 
course of polymer drawing in the presence of liquid environment takes place. As strain 
increases, such coagulation is more enhanced due to the fact that the longitudinal dimensions 
of craze fibrils increases and limitations from the unoriented bulk polymer tend to decrease.25 
As a result, at high strains, highly dispersed fibrillar material is able to reduce its free surface. 
In the course of drawing, such possibility may be realized only by coagulation of 
neighbouring fibrils. Side contraction of the samples is a macroscopic manifestation of this 
process. In other words, in the course of polymer drawing in the liquid environment, polymer 
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experiences a structural transition from a loosened to more compact structure. As a result, 
polymer acquires a specific structure composed of density packed aggregates of fibrils 
oriented along the drawing direction. This suggests a certain similarity of this process with 
drawing of amorphous and semi-crystalline polymers in air via necking. However, in the 
presence of liquid environment fibril coagulation does not occur as fast as that in air due to 
brittle to ductile transition. In connection with this, even thought solvent-crazed polymer 
samples with high strains show a marked side contraction, they still have many microvoids 
filled with surrounding liquid which finally collapse once the filled liquid medium evaporates. 
 
1.2 Introduction of additives in polymer matrix 
The bulk properties of the polymer can often be altered by incorporation of additives. 
Additives are added to enhance various properties of the polymer. In other instances additives 
may be very specific to a certain polymer for specific end use. The additive can be 
incorporated into the polymer during polymer processing or post – blending. Majority of 
additives are incorporated by above mentioned methods. Another important method which 
can be used to incorporate special additive into polymer for particular application is solvent 
crazing. Solvent crazing process does not require any thermodynamic compatibility between 
components. Compounds in the form of additives could be dissolved in the solvent which 
leads to the compounds being incorporated in the polymer.59, 60 Figure 6 shows the 
incorporation of additives in the bulk of polymer. One can use quite different polymers and 
additives and prepare a wide range of polymer composites. At early stages of deformation, 
nucleation and growth of crazes takes place. As a result, total volume of micropores filled 
with surrounding liquid containing additives increases.  
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Figure 6: Schematic representation of structural rearrangements of solvent crazed polymer on 
drawing in bi-component solution of liquid environment. The arrow shows the direction of 
mass transfer at different stages of polymer deformation. 
 
As strain increases, the content of additive immobilized within the pore structure tends to 
increase. Then, the stage of collapse and transition from a loosened to more compact structure 
takes place. For different polymers, this stage commences at a certain characteristic strain. As 
shown earlier, this process is accompanied by syneresis and transport of a certain fraction of 
liquid from porous structure. However, this transport of solvent molecules proceeds through 
the microporous structure of crazes. As a result of coagulation, the spacing between the fibrils 
decreases and becomes comparable to the size of the additive molecules (dyes).25 Hence, a 
molecular ultrafiltration takes place. This implies that bulky molecules appear to be 
completely immobilized within the craze structure as a result of purely steric hindrance and 
only small molecules of solvent are still able to leave the porous structure. At early stages of 
deformation, as strain increases, more and more additive molecules penetrate into the craze 
porous structure and then, as a result of transition from a loosened to more compact structure, 
no fresh portions of additive molecules are supplied. 
To conclude, solvent crazing is a very complex phenomenon, which is realized by polymer 
drawing in the presence of liquid environment. Three principle stages of solvent crazing i.e. 
craze nucleation, craze propagation, and craze widening, show statistical character associated 
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with structural inhomogenity inherent in any polymer. The rate of craze propagation and craze 
widening are controlled by the local stress at the boundary between oriented and unoriented 
polymer regions. In turn, this stress is developed due to the as-formed specific structure of the 
nucleated crazes. The later factor is responsible for an obvious correlation between the rate of 
craze widening and fine structure of the nucleated craze. The development of the fine craze 
structure is controlled by the action of surface forces and applied stress. Fibril flexibility 
within the craze volume favours realization of certain relaxation process and development of a 
three-dimensional coagulation network composed of fibrillar aggregates. The final stage of 
solvent crazing i.e. collapse of the formed porous structure (crazes) is also controlled by fibril 
flexibility. This stage involves effective fibril coagulation which is accompanied by syneresis 
i.e. transport of certain fraction of liquid from the craze porous structure. 
 
1.3 Work done by group of Moscow on solvent crazing  
Tremendous work has been done by group in Moscow on the process of solvent crazing and 
some of their work on applied aspects of solvent crazing is described below. Basically, the 
aspects include the development of porosity or surface relief and introduction of into 
polymers. These aspects are described in detail with examples and references. The 
introduction of additives was performed by considering dying of textile material. Usually 
dispersed dyes are used and hence, the range of colours is rather limited. The dependence of 
content of Rhodamine B in PET with a strain of 400% via solvent crazing on the 
concentration of dyeing solution was carried out.25 The content of Rhodamine B appears to be 
much higher than the content of Rhodamine B immobilized via adsorption from the solutions. 
It was shown that in the later case the amount of adsorbed dyes is so small that sorption 
isotherm is conditionally drawn since changes in concentration can hardly be detected. It was 
concluded that linear concentration dependence of the content of Rhodamine B in polymer 
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structure shows a marked difference between the mechanisms of penetration of the dye into 
polymer structure and method via adsorption and diffusion.  
Another aspect was concerned with the introduction of modifying additives like metals, metal 
oxide and salts, other inorganic compounds and polymers. However, preparation of the 
composites containing the above additives is very promising. Polymer-polymer blends based 
on solvent crazed HDPE (high density polyethylene), PP (polypropylene), PA-12 (polyamide-
12), or PET (polyethylene terephthalate) matrices were prepared. As the second polymer 
component, polystyrene (PS), poly (methylmethacrylate) (PMMA), poly (butyl methacrylate) 
(PBMA), and polymers like polyacetylene and polyaniline (PANi) were used. These porous 
polymer matrices were prepared by tensile drawing in the presence of proper monomers 
containing initiating agent (benzoyl peroxide) and, in some cases, cross-linking agent 
(ethylene glycol dimethacrylate).61 The dependence of specific resistance of the polymer – 
copper sulfide (CuS) based on solvent crazed PA-6, HDPE, non-annealed and annealed PP 
was performed. Mössbauer Investigation (formation and stability) of highly dispersed iron 
particles in crazed porous polymers was studied. The iron–polymer composites obtained were 
characterized by different morphologies and dimensions of iron particles.62 The phase content 
of the iron constituent in a composite studied by Mössbauer spectroscopy was shown to 
depend on the type of the iron salt and the method of introduction of the initial reagents into a 
polymer. Here, the reduction of iron ions is carried out in situ within nanometre-sized pores of 
a polymer. The crystallization behaviour of silver chloride in different porous polymers 
prepared using the solvent crazing technique has also been studied.63 Silver chloride particles 
were obtained using the exchange reaction between silver nitrate (AgNO3) and sodium 
chloride (NaCl) aqueous–alcoholic (4 : 1) solutions respectively. The result showed that the 
kinetics of AgCl build up in porous polymeric matrices in which the diffusion of reactants to 
the reaction front is a rate-limiting step. At the initial stage, the rate of the process is 
determined only by the magnitude of bulk porosity. Silver chloride aggregates gradually form 
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a layer in polymeric matrices which is detected using the technique of electron microscopy. 
Impregnation of semicrystalline PE (polyethylene) and PP films substrate with the O2-
sensitive dyes Pt(II)-octaethylporphine-ketone (PtOEPK) have also been prepared.64 The 
process involves stretching of polymer while submerged in crazing solvent producing a well-
defined 3-D network of nanopores (size <15 nm) and volume porosity up to 60%. Nickel in 
poly(propylene), and metallic copper in poly(ethyleneterephthalate) (PET) have been 
prepared by solvent crazing.65 such metal-containing polymer compositions were prepared via 
electrolytic precipitation of metal in solvent-crazed polymer matrices.66 A correlation between 
the structure of the initial polymer matrix and the dimensions of the disperse metallic phase is 
established. The total content of the metallic component is shown to be primarily controlled 
by the volume porosity of the polymer matrix and to depend on the tensile strain of polymer 
samples upon drawing in the presence of liquid medium via solvent crazing. The nature of the 
polymer and the mechanism of solvent crazing appear to exert no marked effect on the 
precipitation of crystalline copper/ nickel in solvent-crazed polymer matrices. Dimensions of 
crystallites of the introduced metal and the level of dispersion of nanocomposites based on 
solvent-crazed polymers are found to be controlled by the parameters of the initial structure of 
the porous polymer matrix. 
All experimental evidence discussed allows one to conclude that the areas of practical 
application of many commercial polymers may be substantially widened due to solvent 
crazing. Group of Moscow have large number of publications describing the preparation of 
polymer material by incorporation of wide range of additives using the process of solvent 
crazing. However, none of the publications refer to the prepared material properties and their 
useful applications. 
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1.4 Survey of the Thesis 
This thesis is composed of five chapters in the preparation of functional PET fibres and films 
using the process called solvent crazing for useful applications. Present chapter describe the 
deformation in polymer occurring in air as well as in the medium that wets the polymer 
surface. The process and various stages of solvent crazing including the work done by group 
of Moscow have been emphasised.  
After a short introduction regarding the process the subsequent chapters are focused on the 
applied aspects of the process solvent crazing performed at DWI an der RWTH Aachen. In 
Chapter 2, the use of solvent crazing to incorporate dye molecules into the bulk of 
poly(ethylene terephthalate) fibres has been shown. Non-continuous and continuous 
stretching of the PET filaments was performed on a device connected to Zwick 1425 uniaxial 
tensile-testing machine and on a machine constructed in collaboration with Rosink GmbH & 
Co., Nordhorn respectively. The stretching was done in a 2 wt-% solution of dyes namely 
crystal violet, auramine, rhodamineB and blankophor CLE in n-propanol. Successive drawing 
of polymer fibres in solutions containing rhodamine B (red fluorescence), auramine (green 
fluorescence), and blankophor CLE (blue fluorescence) provides microscopically 
distinguishable chamber containing pure dyes. The white PET fibres were used to incorporate 
different dyes in the form of chambers, covering and penetrating the stretched parts of the 
filament. The combination of three fluorescence dyes which absorbs wavelength in the 
ultraviolet region and radiates in the visible region where it imparts white light to the fibres 
was found. The continuous stretching of black PET fibres was done in blankophor CLE. 
Blankophor CLE dye being a fluorescent brightener does not impart any colour to the fibres 
macroscopically but, shows a blue fluorescence when exposed to UV light. Such fibres were 
used to produce 30 × 30 cm knitted fabric. To prepare a knitted fabric (DWI knitted 
demonstrator) from a spin material, a specific textile chain has been used in collaboration 
with different textile companies. The prepared demonstrator is completely black in normal 
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day light and shows the appearance of the knitted pattern (DWI) in the demonstrator when 
exposed to UV light. In Chapter 3 the process is used to incorporate zinc ions into PET fibres. 
The amount incorporated can be controlled by the solution concentration and the prepared 
fibers can serve as release systems. Complete inhibition of bacterial growth in the surrounding 
medium was observed even after repetitive and prolonged exposure. Given the fact that the 
fibers are designed as a release system, they exhibit a fair washing fastness. The described 
material could, therefore, be used in medical textiles applications such as dressings, band-aids, 
masks and other single-use items, in technical textiles such as filters and insulation material, 
in home furniture as padding and mattresses as well as in clothing, which are subject to dry 
cleaning. Chapter 4 deals with the functionalisation of low-oriented PET films. A novel 
approach to the preparation of anisotropically conductive film and subsequent precipitation of 
metallic silver nanoparticles in the crazes were shown. The microvoids formed during the 
solvent crazing of PET films was used as nanoreactors to precipitate percolating silver-
nanoparticle networks by counter diffusion of diamminesilver(I) nitrate and a reducing agent. 
Different reducing agent namely, hydrazine sulphate, tin(II) methane sulphonate, ß-lactose 
and formaldehyde were taken into the account to precipitate silver nanoparticles in the PET 
film. It was observed that due to the application of a strong reducing agent (hydrazine 
sulphate), nucleation and growth is likely to occur simultaneously and the particles form in an 
uncontrolled way, i.e. with a large size distribution and thus, cleave the polyester backbone 
very fast. Whereas, using tin(II) methane sulphonate, the possibility of formation of ionic 
impurities were very high. In the case of ß-lactose, only few silver particles were formed and 
even the particles were not connected to each other. Thus, to generate metallic veins that 
penetrate the complete cross section of the film, neutral but fast reducing agents such as 
formaldehyde are required. The obtained films were black and brittle due to the precipitation 
of Ag particles, but not fragile. Film rupture or even dissolution as observed using hydrazine 
did not occur. The resulting structure resembles a parallel arrangement of wires, and 
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anisotropy arises from the repetitive pattern of silver veins and unstretched polymer. By this 
method, we could generate anisotropically conductive polymer films by means of a simple 
low-cost process that reduces the use of noxious materials. In Chapter 5 ,
a linear relationship between current and voltage was established in the high-
conductivity direction at low amplitude showing that the film is an ohmic conductor. At 
moderate voltage, non-linearity due to self-heating was observed, which is typical for 
materials with positive temperature coefficients of resistivity. However, applying moderate 
voltages causes a deviation from the ohmic behaviour and induces an irreversible change in 
the microstructure of the particle network leading to a significant irreversible decrease in the 
resistance. The idea of making polymer films containing metallic nanoparticles with electrical 
conductivity provides a new, relatively simple and cheap path to designing a material that 
resembles an arrangement of parallel microwires. Although the crazing process so far does 
not give rise to highly regular patterns, the material might be considered as an alternative to 
commercial ribbon cables in some special cases, and could be used for electronic 
interconnects, electrostatic protection and electromagnetic interference shielding, wire-grid 
polarizers, and other passive microwave components. 
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Chapter 2 
 
 
Solvent crazing: a key method for the 
preparation of polymer-dye hybrid composites. 
 
 
2.1 Introduction 
 
Besides being sold as commodities, dye containing polymers have some advanced 
applications such as optical communication devices1–4 chemical sensors,5 bio-sensors,6 
radiation sensors,7 illuminators,8, 9 light-emitting diodes,10–13 dye lasers,14, 15 ink-jet printing,16 
etc. Dyeing of materials is one of the most used technological methods to introduce 
modifying agents (dye stuff) into various polymers.17, 18 Dyeing involves spontaneous 
transition of a dye from dyeing solution to the polymer bulk until equilibrium is attained. So 
far, the preparation of dye containing polymer composites has mainly been achieved by 
conventional methods like i) casting from a mixed solution in a common solvent, ii) 
polymerization by physical vapour deposition of host matrix, monomer, containing dye,19 and 
iii) swelling of a polymer material in a dye containing solution.20 All these approaches are 
associated with evident limitations such as the low compatibility of many polymer materials 
and dyes. Furthermore, any preparation from isotropic solution prevents the potential 
formation of structured patterns in the polymers. The method of solvent crazing, i.e. crazing 
in a liquid medium that wets the polymer surface, is free of the above disadvantages and 
makes it possible to prepare a wide range of polymers containing diverse compounds, 
including components that are incompatible with the polymer matrix.2, 21–25 
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This chapter describes the use of solvent crazing to incorporate dye molecules into the bulk of 
poly(ethylene terephthalate), which are otherwise insoluble in this particular polymer. Solvent 
crazing relies on the fundamental ability of polymers to develop localised nanoporous 
structures when stretched in a liquid medium that spreads on the polymer surface  
(cf. Chapter 1). It will be shown how the localised formation can be used to create a repetitive 
pattern of dyes that cannot be obtained from conventional solution processes. Successive 
drawing in solutions containing rhodamine B (red fluorescence), auramine (green 
fluorescence), and blankophor CLE (blue fluorescence) provides microscopically 
distinguishable chambers containing pure dyes, but altering the relative amounts of the dyes 
can be used to tune the macroscopically perceived fluorescence colour and obtain white light. 
White light is summation of three type of colour light intensity which is sensitive to cone cells 
in the human eye in nearly equal amounts and with high brightness compared to the 
surroundings. It can be generated in many ways out of which the modern light sources are 
fluorescent lamps and light-emitting diodes. An object that does not alter the colour of light 
reflected from its surface will appear white, compared to the surroundings, unless it has very 
high reflection. The impression of white light can also be created by mixing appropriate 
intensities of the primary colours of light, red, green and blue (RGB), a process called 
additive colour mixing. Therefore, the combinations of these dyes those absorb in the range of 
ultraviolet region and emit in the visible region were selected. The emission spectra are 
obtained by exciting at respective maximum excitation wavelength. When these filaments are 
excited with an external UV lamp in order to produce white light, high energy ultraviolet light 
is then absorbed by the dyes which then re-emit the energy by emitting lower energy waves. 
In addition, this chapter describes the up-scaling process of solvent crazing from lab-scale to 
pilot-plant scale as part of an industrial cooperation. 
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2.2 Experimental 
2.2.1 Materials 
Partially oriented black and white poly(ethylene terephthalate) multifilament fibres  
(Tg = 74.3 °C, degree of crystallinity = 31 ±5% by DSC) with a filament diameter of  
approx. 30 and 23.1 µm respectively were obtained from Märkische Faser GmbH  
(Premnitz, Germany). The original multifilament was divided into strands of approx. 450–500 
individual filaments. Crystal violet (λEx= 550 nm, λEm= 620/30 nm), auramine (λEx= 460 nm, 
λEm= 550 nm) and n-propanol were obtained from Merck. Rhodamine B (λEx= 365 nm, λEm= 
620 nm) from Sigma Aldrich and blankophor CLE (λEx= 352 nm, λEm= 420–40 nm) from 
Bayer (Leverkusen, Germany). All chemicals were used as received, without further 
purification.  
 
2.2.2 Methods and Preparation 
Non-continuous stretching of the PET filaments was performed on a device connected to 
Zwick 1425 uniaxial tensile-testing machine (Figure 1) at a strain rate of 5 mm/min. For the 
continuous production a separate machine was developed and constructed in collaboration 
with Rosink GmbH & Co., Nordhorn, as a part of the AiF project 15124 N (Figure 2). 
Continuous stretching was performed at a constant speed of 0.1 m/mm. Continuous and non-
continuous stretching was done in a 2 wt-% solution of dyes namely crystal violet, auramine, 
rhodamine B, and blankophor CLE in n-propanol.  
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Figure 1: Sketch of non-continuous device used for stretching of low/ partially oriented 
polymer material. 
 
A Zeiss Axioplan 2 with calibrated image-processing software was used for optical 
microscopy analysis. Scanning electron microscopy (SEM) measurements were recorded on a 
Cambridge S360 (Leica, Germany). For the filament cross-section, samples were embedded 
in acrylate resin and cut with a microtome. Fluorescence microscopy was done on a 
microscope (Zeiss Stemi 2000 C) with attached UV lamp (Vilber Lourmat, 200V, λ
 
= 365 
nm). A long pass filter with τ50 = 408 nm (Schott, Germany) was used to exclude UV 
radiation on the operator side.  
 
Polymer material 
Stretching medium 
containing additives 
Steel Bath 
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Figure 2: Construction drawing (A) and the image (B) of continuous stretching machine 
developed and constructed in collaboration with Rosink GmbH & Co. 
 
To establish the process conditions, commercially available white PET fibres from Märkische 
Faser GmbH were stretched in 2 wt-% solution of dyes (crystal violet, auramine, rhodamine 
B) in n-propanol on the non-continuous stretching device to an elongation of 100%. The fibre 
bundle was kept fully submerged in the solvent during stretching. After each stretching the 
samples were rinsed thoroughly with distilled water and dried at room temperature. In the 
A 
B 
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case of black PET fibres, bundle was stretched on the continuous machine in 2 wt-% solution 
of blankophor CLE in n-propanol. 
 
2.3 Results and discussions 
The stress strain curve of low-oriented PET fibres on deformation in air and in  
n-propanol at room temperature is presented in Figure 3. The two curves are similar in shape, 
but the one obtained in n-propanol is shifted towards lower stress as compared to the one in 
air. This results in a larger strain at break.  
 
Figure 3: Stress- strain curves of PET filament to break in air and in n-propanol. Strain rate 
was 50 mm/min. The arrows show the onset of post-yield plateau. 
 
To establish the proper experimental conditions for the incorporation of dyes into PET by 
solvent crazing, solutions of dyes in n-propanol were used. The fibres were stretched in 
crystal violet solution to 100% elongation of initial length. The individual filaments turn out 
to be composed of stretched and unstretched parts. The dye appears only in the neck and 
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stretched regions (Figure 4). The fluorescence image clearly indicates the absence of crystal 
violet from the surface of the unstretched parts (Figure 4B). The cross-section confirms that 
the dye has completely penetrated the diameter of the filaments (Figure 5). The circles in 
Figure 5A and B mark filament cross-section of different diameters of which only the smaller 
ones are coloured and show fluorescence. This is consistent with the side on image (Figure 4).  
  
Figure 4: Light and fluorescence microscopy images (side-view) of a white PET filament 
stretched to 100% elongation of the initial length in solution of crystal violet in n-propanol at 
crosshead speed of 5 mm/min. 
 
 
A B 
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Figure 5: Light and fluorescence microscopy images (cross-sectional view) of PET filaments 
stretched in solution of crystal violet in n-propanol showing the complete penetration of dye 
(ε = 100%).  
 
It is assumed that by incorporating a mixture of dyes that exhibit red, green, and blue 
fluorescence into the filaments, the full visible spectrum including white light is accessible by 
simply adjusting the ratio of the different dyes. The combined fluorescence emission can 
macroscopically be perceived as white, in addition to a variety of other colours. The 
production of a white light emitter is a challenging undertaking in fibres due to potential 
quenching of the various organic dyes in close confinement. In order to make such fibres, 
three dyes, namely auramine (green), rhodamine B (red) and blankophor CLE (blue), were 
selected and incorporated into the fibres. Separation of the dye molecules in the fibres (in the 
form of chambers) is desired to avoid potential quenching. For this, a bundle of low-oriented 
PET fibres of 10 cm was stretched individually in 2 wt-% solution of auramine, rhodamine B 
and blankophor CLE in n-propanol. 
A B 
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Figure 6: Optical microscopy image of white PET filament stretched in three different dyes 
individually in a sequence of auramine, rhodamine B and blankophor CLE. 
 
Fibres were stretched in an auramine solution to an elongation of 100% and produce 
macroscopically yellow appearing fibres that shows a green fluorescence. These fibres were 
further stretched in solution of rhodamine B, and subsequently in a solution of blankophor 
CLE each time to an elongation of 100% calculated to the original length individually. The 
fibres produced after the completion of stretching in all the three different dyes individually 
show overall reddish-pink appearance macroscopically. Successive stretching gave rise to 
individual, clearly separated chambers containing the dyes as shown in Figure 6. The dye is 
exclusively incorporated in the stretched parts covering and penetrating completely and 
forming a continuous aligned fluorescence chambers in the fibres as can be seen in Figure 7 
showing the side-view and the cross-sectional view of the white PET filament using 
microscope with attached UV lamp. 
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Figure 7: Fluorescence microscopy images of white PET filament side view (A) and cross-
sectional view (B) stretched in three different dyes (auramine, rhodamine B and blankophor 
CLE) individually. 
 
In comparison to the patterned incorporation, a control experiment was performed by 
incorporating a mixture of the three dyes simultaneously into the fibres. For this, another fibre 
bundle of 10 cm was stretched in a mixture of 2 wt-% solution of above mentioned dye 
mixture to an elongation of approximately 300%. A pinkish appearance was observed in the 
optical microscope giving rise to orange-red (mixed colour) fluorescence as shown in Figure 
8. The control test shows that the desired effect for the formation of continuous aligned 
chambers in the fibres cannot be achieved by mixing all the three dyes homogenously. The 
Unstretched 
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Rhodamine B 
Auramine 
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fibres stretched according to the control experiment shows almost similar macroscopic 
appearance as the fibres stretched in three different dyes individually. 
 
 
Figure 8: Optical (A) and fluorescence (B) microscopic image of white PET filament 
stretched in a mixture of three different dyes (auramine, rhodamine B and blankophor CLE). 
 
It is shown that the experiment done to stretch the fibres with three different dyes 
individually, case I, leads to the formation of continuous aligned chambers whereas the 
control experiment, case II, using the mixture of these three dyes does not form such 
chambers. It is assumed that as when first dye solution was used for stretching (100% of the 
original fibre length) in case I, the dye penetrates into the formed stretched parts. During this 
stage the stretched parts can not be further stretched due to the absence of amorphous region 
in the polymer but, there are lot of unstretched parts remaining (containing amorphous region) 
A 
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which plays the role in further stretching of fibres in other dyes thus forming the three 
different chambers. In case II, all the three dyes for a mixture that penetrates all together in 
the stretched parts during stretching. 
Thus, successive stretching of fibres in solutions containing only one dye provides a very 
unique structure, namely continuously aligned chambers containing pure dyes in individual 
compartments. A similar structure cannot be made by conventional textile production of 
finishing procedures. 
In order to demonstrate the industrial application of the above described process, a model 
demonstrator was developed. For this, blankophor CLE was incorporated to black PET fibres 
from n-propanol on the continuous machine. Figure 9 shows the black PET fibres before and 
after stretching in the above mentioned solution. 
 
A 
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Figure 9: SEM images of black PET fibres before (A) and after (B) stretching in a 2 wt-% 
solution of blankophor CLE in n-propanol. 
 
Approximately, 900m of fibres were stretched. Blankophor CLE dye being a fluorescent 
brightener does not impart any colour to the fibres macroscopically but, shows a blue 
fluorescence when exposed to UV light (Figure 10). 
  
Figure 10: The black PET fibres stretched in a solution of blankophor CLE in normal day 
light (A) and under UV irradiation (B). 
 
These fibres were used to produce 30 × 30 cm knitted fabrics. In order to make textiles, the 
first requirement is a source of fibre from which a yarn can be made. Yarn is a continuous 
B 
A B 
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filament of interconnected fibres and can be made by several industrial techniques of 
spinning. The process of twisting together of fibres to form yarn is called spinning. The basic 
processes included in spinning can be listed as carding, combing, drafting, twisting (crimping) 
and winding. When the fibres pass through these processes, they are subsequently formed into 
lap, sliver, roving and finally yarn. To make a yarn from a multifilament, it needs to be cut 
into short pieces of a certain length (~ 0.2 cm) and aligned parallel in the carding machine 
which is set with hundreds of fine wires that separate the fibres and pull them into parallel 
form. Further a comb like device arranges fibres into more parallel form, with short fibres 
falling out of the strand. Due to the smooth surface of the synthetic fibres, they need to be 
crimped to provide cohesion of the filaments in the yarn. After carding or combing, the fibres 
mass is referred to as the sliver. Several slivers are combined before this process. A series of 
rollers rotating at different rates of speed elongate the sliver into a single more uniform strand 
that is given a small amount of twist and fed into large cans. The sliver is fed through a 
machine called the roving frame, where the strands of fibre are further elongated and given 
additional twist. These strands are called the roving. Further the process of weaving and 
knitting was used to produce a fabric.  
To accomplish all these steps a textile chain was setup consisting of a number of companies 
specialized in each and above mentioned steps.  
 
 
 
 
 
Figure 11: Schematic representation of the industrial textile chain setup. 
 
Spinning Crazing Crimping
CuttingTextile Yarn
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Figure 11 represents a schematic setup of the textile chain. Furthermore, successful setting up 
the textile chain proves that multifilaments modified by solvent crazing can be industrially 
processed into products. 
The process of crazing and incorporation of dye in a low oriented spin fibres were performed 
at DWI an der RWTH Aachen. Crimping of dye-treated fibres was done by Märkische Faser, 
Premnitz, Germany, at an elevated temperature of 100 °C. Crimping produces softness to the 
yarn.26 Produced crimped yarn distinguishes itself by a very uniform cohesion of the 
individual crimped filaments, which leads to a very uniform, more or less bulked yarn cross 
section. In the crimped yarns produced by false twist texturing, the individual filaments 
extend side by side in the form of a strand, but intertwine relatively very little, so that there 
develops only relatively low yarn cohesion of the filament bundle.27 Figure 12A shows the 
appearance of crimped sample. Cutting of the crimped, dye-treated fibres into approximately 
1 cm long pieces (Figure 12B) was performed by Stöhr, Germany.  
 
 
Figure 12: SEM image of black PET crimped fibres (A) and crimped fibres after cutting (B). 
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Figure 13: Image of demonstrator textile patch in normal day light (A) and when exposed to 
UV light showing the knitted DWI pattern (B). 
 
After cutting the fibres were aligned parallelly and spun into a staple fibre yarn. Both 
transformations were completed by Stöhr, Moenchengladbach, Germany. Finally the yarn was 
knitted together with commercially available, untreated black polyester fibres to produce a 
patterned product i.e. demonstrator textile fabric (Figure 13) by Richter und Schwiede, 
Krefeld, Germany.  
Figure 13A shows that the demonstrator is completely black in normal day light and Figure 
13B shows the appearance of the knitted pattern in the demonstrator when exposed to UV 
light. The patterned DWI can be easily seen in the patch due to the incorporated blankophor 
CLE dye. This section should convey the intentions that within a publicly funded project 
devoted to small and medium enterprises a functional model was made that demonstrated the 
compatibility of the wet crazing process with industrial production techniques. Therefore, a 
simple model was used. 
 
2.4 Conclusions 
Solvent crazing is a simple method that leads to the incorporation of more than one dye into 
the polymer bulk at room temperature in the presence of solvent. The potential to get 
continuous aligned chambers by successive stretching is fulfilled by the process. The dye 
A B 
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molecules completely penetrate into the stretched parts as shown by incorporation of crystal 
violet in white PET fibres. This process can be further used to make antibacterial fibres and 
conductive polymer films which are discussed in detail in further upcoming chapters.  
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Chapter 3 
 
 
Solvent-crazed PET fibres imparting 
antibacterial activity by release of Zn2+ 
 
 
3.1 Introduction 
 
Functional fibres are gaining increased importance in advanced applications such as scaffolds 
for tissue engineering or as drug-delivery systems,1, 2 sensor, laser and switchable textiles,3–6 
wearable electronics,7, 8 and wound healing.9, 10 There are three principle ways to introduce 
functionality into synthetic fibres, namely by using functional monomers for the polymer 
chain or side chain, by incorporating functional additives into the melt or gel before spinning, 
or by applying a functional coating after production. Mixing additives to the melt or gel leads 
to a modification of the fibre bulk and has been realised e.g. for conductive,11–13 flame 
retardant,14–16 and antibacterial17–20 fibres. However, this requires a high extent of miscibility 
or dispersability of the additive in the melt or gel. Coatings on the other hand rely less on a 
chemical compatibility of the actual functional compound with the fibre material. They are 
usually very thin compared to the fibre diameter and, thus, the active compounds are readily 
accessible from the surroundings. However, the volume of the fibre can hold more material 
than thin coatings and, therefore, fibre-bulk modification is more suitable for achieving 
sustained effects. Combining the advantages of fibre-bulk modification and coating would be 
most beneficial. 
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One approach to achieving this is the process of solvent crazing,21 which makes use of the 
Rebinder effect in polymers.22 Plastic deformation of polymer fibres in a medium that wets 
the fibre surface leads to the formation of dispersed polymer fibrils separated by microvoids.21, 
23, 24
 The microvoids are 1–100 nm in size and are filled with the surrounding medium. If the 
surrounding medium contains non-volatile additives, these remain inside the fibre after 
evaporation of the solvent. In total, solvent crazing leads to a modification of the fibre bulk, 
but the porosity generated by fibrillation of the polymer during the deformation provides easy 
access to the incorporated compounds. Additionally, since the dissolved compounds are swept 
into the fibre by active wetting of the microvoids and retained inside the fibre for steric 
reasons, chemical compatibility of the additive and the polymeric material is not necessary. A 
number of unusual material combinations such as AgCl in poly(propylene),25 nickel in 
poly(propylene), and metallic copper in poly(ethylene terephthalate)26, 27, 28 have been 
prepared by solvent crazing, but potential industrial or medical applications have not yet been 
shown. 
Herein, we present an application of the solvent crazing process for the preparation of 
poly(ethylene terephthalate), PET, fibres exhibiting antibacterial activity. Although solvent 
crazing is not limited to a particular polymer, PET was chosen as fibre material since it is 
frequently used alone or in combination with natural fibres for various medical and apparel 
applications.29–30 The antibacterial effects are due to incorporated Zn2+ ions, which in contrast 
to silver nanoparticles do not have a colour of their own. 
 
3.2 Experimental 
3.2.1 Materials 
Continuous, low-oriented poly(ethylene terephthalate) multifilament material (Tg = 74.3 °C) 
with a filament diameter of 23.1 µm was obtained from Märkische Faser GmbH (Premnitz, 
Germany). Commercial PET contains metastable crystallites melting at 250–265 °C.31 The 
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material used in this study shows an endothermic signal at 250 °C in the DSC, from which a 
degree of crystallinity = 31% ±5 was calculated using the ratio of melting enthalpies. The 
original fibre bundle was divided into finer batches of approx. 3430 dtex for better handling. 
Zinc chloride, n-propanol, and 1,5-diphenylthiocarbazone (DPTC, dithizone) were obtained 
from Merck. Sodium hydroxide and 0.1M Na2-EDTA were from KMF, xylenol orange from 
Fluka AG, and sulphuric acid from Aldrich. All chemicals were of analytical grade and used 
as received without further purification. 
 
3.2.2 Methods 
A Zeiss Axioplan 2 microscope was used for the optical analyses. SEM-EDX images were 
recorded on a Hitachi S-3000N with an Amedek EDAX detector. The zinc content in the 
fibres was quantified by ICP-AES on a Perkin Elmer Plasma-400 after dissolving the fibres in 
a mixture of nitric and sulphuric acid or by titration with Na2-EDTA against xylenol orange. 
In the latter case, the fibre sample was dissolved in conc. sulphuric acid at 40°C for 10 
minutes, after which the resulting clear solution was diluted and the pH adjusted to approx. 
5.5 before titration. The colour reaction with 1,5-diphenylthiocarbazone was used as 
qualitative test for Zn2+.32, 33 UV-Vis spectra were recorded on a Varian Carry Win Bio 
spectrometer. The growth of Escherichia coli (DSMZ 498) was monitored according to 
ATCC 23716 in a Tecan GENIOS Pro microwell-plate reader. 
 
3.2.3 Preparation 
The solvent crazing was performed as described earlier.7, 21, 25 0.55g of fibres were stretched 
in 1L of 10 and 20 wt-% solutions of zinc chloride at room temperature, giving samples 
designated as PET-10 and PET-20, respectively. The volume of the bath depends on the 
actual set-up, but at the given bath ratio, the Zn2+ concentration in solution does not change 
significantly from batch to batch so that the same solutions could be used for the entire study. 
Solvent-crazed PET fibres 
 
 - 54 - 
The final elongation of the samples was 200%. Immediately after stretching, the fibres were 
removed from the bath, washed thoroughly with n-propanol, and dried at room temperature in 
air over night. Thermal annealing of the stretched fibres was achieved by keeping the samples 
at 80°C for 30 minutes. 
For the antibacterial test, the fibre samples were sterilised by UV irradiation for 45 minute. A 
nutrient solution containing 5 g/L peptone and 3 g/L of meat extract in bi-distilled water at pH 
7 was used as a growth medium. The solution was autoclaved for 15 minutes at 120°C prior to 
use. 0.3–0.4g of the fibre sample was placed in a 50 mL Erlenmeyer flask containing a 
suspension of 3 mL E. coli with 2.8 × 107 colony-forming units (CFU) per millilitre in 3 mL 
nutrient solution. The initial 1.5h exposure was run at 37°C and 240 rpm in a thermal shaker. 
The subsequent 20h exposures were run at 25°C. The optical density (OD) of the growth 
medium was recorded in the tecan reader at 612 nm and 37°C using a 50 µl aliquot to which 
150 µl of fresh nutrient solution were added. The value given is an average of 3 individual 
measurements. Time-growth profiles were measured overnight in the Tecan microwell-plate 
reader at 612 nm and 37°C on a 100 µl aliquot of the growth medium to which 10 µl of fresh 
E. coli (2.8 x 108 CFU/mL) was added. The microwell plates were prepared in a laminar 
airflow to maintain strict sterile and aseptic conditions. In all cases, the aliquots were 
inoculated with the same amount of bacteria (i.e. the starting concentration of fresh E. coli 
was 2.8 × 107 CFU/mL). 
The washing fastness was determined according to ISO-C01. 10g of fibre material were 
washed in 500 mL soap solution for 30 minutes on a shaker at 42 °C ±2 with 150 rpm. The 
fibres were then dried between filter paper and washed three times with distilled water for 5 
minute at room temperature and on a shaker at 150 rpm to complete one 45 minute cycle. The 
fibres were then dried at 40°C. 
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3.3 Results and discussions 
Stretching of low-oriented poly(ethylene terephthalate) fibres in alcoholic solutions of ZnCl2 
to an elongation of 200% leads to the characteristic necking. The necks are generated at the 
transition from elastic to plastic deformation and propagate along the filaments upon further 
stretching,34, 35 which create the repetitive pattern of stretched (thin) and unstretched (thick) 
sections (Fig. 1). The number and distribution of the crazes and with it the distribution of 
stretched and unstretched parts along the filament is random, but the final elongation is 
similar for all filaments in the bundle stretched under identical conditions. 
 
Figure 1: SEM image of PET fibres after mechanical stretching in ZnCl2 solution. 
 
Upon stretching, the degree of crystallinity increases from 31% ±5 for the as received material 
to 41% ±5 and 47% ±5 for the PET-10 and PET-20 samples, respectively. The increase 
indicates the formation of oriented parts upon stretching in accordance with the general 
mechanism of solvent crazing.21 Solutions of 10 and 20 wt-% of ZnCl2 were used as 
stretching medium, since Zn2+ was found to inhibit the growth and bacterial conjugation in  
E. coli.36, 37 The corresponding samples were designated PET-10 and PET-20. ICP-AES 
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analyses confirm the presence of zinc and indicate that doubling the concentration in solution 
– under otherwise identical conditions – doubles the initial concentration of zinc inside the 
fibres (Tab. 1). Although the distribution of stretched and unstretched parts along the filament 
is random, the zinc content of individual fibre bundles stretched under the given conditions is 
within the given limits. 
 
Table 1: Zinc content of the treated fibres 
Sample Zinc concentration 
mg/Kga 
Untreated fibres 1.62 ± 1.62 
PET-10       6229 ± 426 
PET-20     13517 ± 426 
a
 Determined by ICP-AES spectrometry 
 
SEM-EDX analysis showed that the surface of the stretched fibres is free of zinc, while the 
cross-section contains zinc. Additionally, a small batch of the stretched fibres was subjected 
to a second stretching in a solution of dithizone, which turns the previously colourless, 
stretched parts pink (Fig. 2). This indicates the formation of the Zn(DPTC) complex. The zinc 
complex is exclusively formed in the stretched (thin) and crazed parts, i.e. the parts which are 
about to form a neck (Fig. 2A). In the cross-sectional view, the coloured complex is only 
found in the fibres with smaller diameter, i.e. the stretched parts, and fully penetrates the 
cross-section of the filament (Fig. 2B). However, some of the stretched parts are colourless, 
which are assumed to be stretched parts in which the crazes have collapsed and are no longer 
accessible from the outside. 
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Figure 2: Optical appearance of zinc-containing PET filaments additionally stretched in 
dithizone solution. Dark areas indicate the formation of the zinc dithizonate complex. A) side-
view and B) cross-sectional view.  
 
In order to test for a possible release of Zn2+ from the fibres, time-dependent UV-Vis 
measurements (350–700 nm) were performed in the presence of dithizone. For this, approx. 
15 individual filaments of the PET-10 sample of 1 cm length were placed in a cuvette 
containing a 5 µM solution of dithizone.  
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Figure 3: Time-dependent release of Zn2+ from PET-10 fibres in a solution of dithizone 
monitored by UV-Vis spectrometry. 
 
The free ligand exhibited two characteristic absorption maxima at λ1 = 471 nm and λ2 = 595 
nm, as indicated by the dashed line (Fig. 3), while the pure complex has a single λmax at 515 
nm. In the presence of the zinc-containing filaments, the maximum at λ = 595 nm disappears 
over time, while the one at 471 nm shifts to larger wavelengths. This clearly indicates the 
formation of Zn(DPTC). 
The results above indicate that low-oriented PET fibres stretched in alcoholic ZnCl2 solution 
contain zinc ions and that such fibres can serve as release systems. Consequently, the fibres 
were subjected to antibacterial tests using E. coli. 
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Figure 4: Analytical protocol of the antibacterial tests. 
 
The analytical protocol for the antibacterial tests is outlined in Fig. 4. Fibres stretched in pure 
n-propanol were used as reference. During the test, aliquots of the supernatant nutrient-
medium were taken and analysed. The extent of bacterial growth in the medium during 
exposure to the fibres was tested using optical-density (OD) measurements, while the 
potential of the medium to promote bacterial growth after removal of the fibres was checked 
by time-growth profiles.  
The stretched fibres were exposed to a solution of E. coli under growth conditions. After 1.5h 
of exposure, a first aliquot was taken, of which a time-growth profile was recorded to test for 
the initial release of zinc ions from the fibres (Fig. 5). Compared to the reference, the treated 
fibres show delayed growth and, especially the PET-20 sample, some retardation in bacterial 
growth. 
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Figure 5: Time-growth profile of the aliquot taken after 1.5h during the first exposure of the 
non-tempered fibres (1 cycle = 30 minute). 
 
After an additional 20h, the fibres were separated from the solution, washed, dried, and saved 
for a second exposure. Optical-density measurements of the media indicated almost complete 
inhibition of bacterial growth during exposure (Fig. 6, dark bars). Time-growth profiles after 
the exposure using fresh E. coli revealed that enough zinc ions had been released to prevent 
further bacterial growth even in the absence of the fibres. 
In order to test for residual zinc ions in the fibres, the separated fibres were subjected to a 
second exposure using fresh nutrient and E. coli solution. Optical-density measurements after 
an additional 20h exposure showed no inhibition for the PET-10 sample, while the PET-20 
sample decreased the bacterial growth by approx. 60% (Fig. 6, light bars). Apparently, the 
fibres had been largely depleted during the first exposure, but enough zinc was left in the 
PET-20 sample to show an effect during the second exposure. 
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Figure 6: Extent of bacterial growth in the medium exposed to the non-tempered fibres 
calculated from optical-density measurements. 
 
It would be highly beneficial for potential applications, if the release profile could be tuned to 
a more sustained antibacterial activity. To achieve this, a more detailed look at the crazing 
mechanism is necessary.21 On a molecular level, crazes form when the polymer chains uncoil 
under external load in the region of plastic deformation.38 This creates voids between the 
chains or bundles of chains, which usually collapse in air due to the intermolecular cohesion, 
but can be stabilised with the help of appropriate solvents.39 As outlined before, if the solvent 
contains non-volatile compounds, these remain inside the fibre after evaporation of the 
solvent. Thermal treatment above Tg causes morphological changes in the oriented parts of the 
necks and at the transition from oriented (fibrills) to unoriented (bulk) material.21, 40 This 
alters the local environment of material trapped between the fibrils, along with its 
accessibility from outside and, consequently, should influence the release profile.  
To test this, PET-10 and PET- 20 samples were annealed at 80°C for 30 minute before being 
subjected to the analytical protocol outlined in Fig. 4. The first time-growth profile recorded 
after 1.5h of exposure shows significant differences in the release behaviour. The PET-10 
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sample shows a marked retardation of the bacterial growth, while no growth was observed in 
the aliquot taken from the tempered PET-20 sample (Fig. 7). 
 
Figure 7: Time-growth profile of the aliquot taken after 1.5h during the first exposure of the 
thermally annealed fibres (1 cycle = 30 minute).  
 
After an additional 20h of exposure, the optical-density measurements of both media again 
showed almost complete inhibition of bacterial growth (Fig. 8, dark bars) as was also 
observed for the non-tempered fibres (cf. Fig. 6). Likewise, the time-growth profile indicated 
the presence of enough zinc ions to prevent further growth of fresh E. coli after removal of the 
fibres. During the second exposure, the tempered PET-10 fibres exhibit only weak inhibition 
of bacterial growth, indicating a pronounced depletion of the fibres during the first exposure. 
In contrast, the tempered PET-20 show sustained antibacterial activity during the second 
exposure, since after the additional 20h optical-density measurements of the medium confirms 
no bacterial growth (Fig. 8, light bars).  
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Figure 8: Extent of bacterial growth in the medium exposed to the tempered fibres calculated 
from optical-density measurements. 
 
There are at least two possible explanations as to why the tempered fibres exhibit a stronger 
antibacterial activity after 1.5h of exposure compared to the non-tempered ones: i) the 
morphological changes induced by annealing above Tg cause a microphase separation of 
polymer and inorganic material, by which the zinc is transported from the core of the 
filaments towards near-surface regions, thus, increasing the local concentration of Zn2+ in 
these areas; ii) the loss of orientation in the stretched parts of the filaments promotes diffusion 
of Zn2+ through the polymer material and facilitates the penetration of water. Both processes 
alone or a combination of both will lead to more Zn2+ being released during the initial time of 
exposure as well as more Zn2+ being easily available for a sustained release. 
The PET-20 fibres were tested for washing fastness according to ISO-C01 (Fig. 9). For both 
non-tempered and tempered fibres, the zinc content decreased rapidly during the first two 
washing cycles, but even after 10 washing cycles approx. 30% of the original zinc content 
still remained in the fibre. The decrease is less pronounced for the tempered fibres. The 
absolute amount of zinc in the fibres during the test could be fitted by a simple exponential 
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decay of the type. The results are shown in Tab. 2. The parameters a, b, and k are associated 
with the chemical and physical properties of the release system, but their wider significance is 
still under investigation. 
 
Figure 9: Washing fastness of the treated PET-20 fibres. 
 
Table 2: Fitting parameters of the washing fastness using the exponential decay kxebay −⋅+=  
 Non-tempered Tempered 
a 4.00 ± 0.37 5.22 ± 0.21 
b 11.2 ± 0.57 9.82 ± 0.34 
k 0.672 ± 0.84 0.746 ± 0.064 
r2 0.990 0.995 
 
 
3.4 Conclusions 
Solvent crazing is a straight-forward method to incorporate zinc ions into PET fibres. The 
amount incorporated can be controlled by the solution concentration and the prepared fibres 
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can serve as release systems. Complete inhibition of bacterial growth in the surrounding 
medium was observed even after repetitive and prolonged exposure. Given the fact that the 
fibres are designed as a release system, they exhibit a fair washing fastness. The described 
material could, therefore, be used in medical textiles applications such as dressings, band-aids, 
masks and other single-use items, in technical textiles such as filters and insulation material, 
in home furniture as padding and mattresses as well as in clothing, which are subject to dry 
cleaning. 
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Chapter 4 
 
 
Generation of anisotropic conductivity in 
polymer films using localized microvoids 
formed by solvent crazing as nanoreactors 
 
 
 
4.1 Introduction 
 
Anisotropic conductive films are widely used in flat panel displays,1-3 chip-on-glass 
applications,4 and printed circuit-board interconnections.5 These films are usually prepared by 
dispersing electrically conductive particles in a polymer matrix,6–8 but films based on arrayed- 
particle technologies, i.e., a regular pattern of metal posts penetrating the polymer film 
perpendicular to plane, are also known.9 These patterns are prepared by a combination of 
photolithography and electroplating and provide an exclusive “through plane” conductivity. 
However, this elaborate method of preparation cannot be transformed into a continuous 
process, and the height of the posts is limited by the thickness of the photoresist. In this 
communication, we describe a novel approach to the preparation of anisotropically conductive 
film using the solvent-crazing process10 and subsequent precipitation of metallic silver 
nanoparticles in the crazes. Crazing is a universal phenomenon i.e. observed in all the 
semicrystalline polymers.11–15 Plastic deformation of such polymers initially leads to 
fibrillation, i.e., the formation of microvoids bridged by polymer fibrils. In the presence of a 
medium that wets the polymer surface, the microvoids are filled with the medium and thus 
stabilized.10, 16, 17 If the surrounding medium contains non-volatile additives, these remain 
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inside the stretched polymer area once the solvent has evaporated.10, 18 Figure 1 schematically 
illustrates the process.  
 
 
Figure 1: Optical microscopy image of a PET film after uniaxial stretching in n-propanol. 
Dark vertical stripes indicate the crazed areas. 
 
In semicrystalline polymers, craze nucleation (I) starts at the point where the stress-strain 
curve deviates from linearity19, 20 and the crazes propagate (II) perpendicular to the streching 
direction. In air, further stretching leads to the formation of a single neck, while in an 
appropriate solvent multiple necks open (III) and travel toward the ends of the sample (IV), 
where they finally collapse. Alternatively to having non-volatiles being washed into the 
polymer by the surrounding medium, hybrid materials can be made nanoporous, solvent-
crazed polymer films as membranes in counter-diffusion reactors in which the microvoids act 
as nanosized reactors.10, 18, 21–25 
 
4.2 Experimental 
4.2.1 Materials 
A4 sized sheets of partially oriented poly(ethylene terephthalate), PET, films (Tg = 72 °C, 
degree of crystallinity = 28% ±5 by DSC) of approx. 160 µm thickness were obtained from 
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Klöckner Pentaplast (Kempten, Germany). Silver nitrate and hydrazine monohydrate were 
purchased from Fluka AG. Sulphuric acid was obtained from VWR, tin(II) methane sulfonate 
from Aldrich, ß-lactose from Sigma, n-propanol and formaldehyde solution (37% in water) 
from Merck, ammonium hydroxide solution (25% in water) from KMF. All chemicals were 
of analytical grade and used as received without further purification. 
 
4.2.2 Methods 
The polymer film was stretched on a Zwick 1425 tensile-testing machine at a controlled rate 
of 5 mm/min while submerged in the solvent. A Zeiss Axioplan 2 with calibrated image 
processing software was used for optical microscopy analysis. Scanning electron microscopy 
(SEM) measurements were recorded on a Hitachi S-3000N with an Amedek EDX detector. 
Transmission electron microscopy (TEM) micrographs were recorded using a Zeiss Libra 120. 
A conductive epoxy from ITW Chemtronics (Aarhus N, Denmark) was used to glue the 
copper wires to the sides of the film. For TEM analysis, the film samples were embedded in 
acrylate resin and cut with an ultra microtome in the direction of stretching. IR-photoacoustic 
and Raman analysis on the PET film before and after stretching were performed on MTEC 
Photoacoustic Model 200 and Bruker RFS 100/S respectively. 
 
4.2.3 Preparation 
To create porosity in the film, a 50 × 35 mm sample was stretched uniaxially in n-propanol to 
an elongation of 100%. The crazed film was kept immersed in the stretching solvent until 
further use to avoid evaporation of the volatile solvent, which would result in a collapse of the 
fibrils. To introduce silver particles in the generated pores, the solvent-crazed film was used 
as a membrane in a counter-diffusion dialyser10, 26 filled with a solution containing silver ions 
on one side and a reducing agent on the other. The reduction of Ag+ to Ag0 in the pores was 
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allowed to proceed for the time specified in the text at room temperature. After completion of 
the reaction, the film was washed thoroughly with distilled water and dried in air over night. 
 
4.3 Results and discussions 
Drawing a partially oriented poly(ethylene terephthalate) film in n-propanol leads to the 
formation of dissimilar crazes, i.e., a local network of nanosized voids bridged by polymer 
fibrils and filled with the surrounding medium.10, 16, 17 PET was chosen as film material 
because of its good thermal and electrical properties.27 Previous studies showed that 
inorganic/organic hybrid structures can easily be prepared by solvent crazing using PET.18 
Figure 2 shows an optical microscopy image of the film stretched in n-propanol.  
 
Figure 2: Schematic representation of the solvent-crazing process. Starting at ε = 0, increasing 
the strain leads to craze nucleation (I), craze propagation (II), neck opening (III), neck 
propagation (IV), and finally collapse (not shown). 
 
The lighter parts represent the unstretched polymer surface and the darker parts the crazed 
areas containing the microvoids. To use these microvoids as nanoreactors, the stretched film 
is mounted as a membrane in a dialyzer (Figure 3) filled with diamminesilver(I) nitrate on one 
and a reducing agent on the other side. The diffusion of these solutions through the 
microvoids starts at both sides of the membrane, and the propagating fronts meet inside the 
membrane to start the reduction.  
ε = 0 I II III IV 
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Figure 3: Schematic drawing (left) and image (right) of a counter-diffusion dialyser. In the 
schematic drawing, the lighter parts represent the unstretched polymer and the darker parts the 
crazed areas of the polymer film. 
 
Since the crazes run perpendicular to the stretching direction, selective filling of the crazes 
with metallic silver will consequently lead to a material that resembles an arrangement of 
parallel wires on the microscale as opposed to the previously reported films.9 The anisotropic 
conductivity is, therefore, the result of the preferred orientation of the crazes in the y-direction 
separated by unstretched, nonconductive polymer in the x-direction.  
For the initial experiments, aqueous hydrazine hydrate solution was used as reducing  
agent.28–33 However, large scale dissolution of the polymer film was observed as a result of 
the alkaline hydrolysis of the polyester backbone supported by the large surface area of the 
microvoids. To compensate for this, a stoichiometric amount of dilute sulphuric acid is added 
to neutralize the pH of the solution. However, using the neutral hydrazine sulphate solution as 
a reducing agent also leads to film rupture and partial dissolution of the film within 10 min. 
Although the solution is neutral, hydrazine sulphate is still nucleophilic and can cleave the 
polymer backbone34, 35 by forming acid hydrazides.35 Nevertheless, SEM-EDX micrographs 
(Figure 4) of the film’s cross-section after freeze fracture along the direction of stretching 
show silver signals but only close to the edge of the side facing the silver nitrate solution. 
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Figure 4: SEM-EDX mapping of the film using hydrazine sulphate as reducing agent. The 
aluminium signal stems from the underlying SEM sample holder. Scale bars: 100 µm. 
 
Apparently, diffusion of the hydrazine sulphate solution through the polymer is faster, causing 
cleavage of the backbone on the way. The films obtained by this treatment are black, very 
brittle because of incorporated silver particles, and fragile because of potential chain cleavage 
even in the parts that appear intact. 
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Figure 5: TEM micrographs of the crazed areas (after using hydrazine sulphate as a reducing 
agent) at the edge facing the side of the silver solution (A) and facing the side of the 
hydrazine solution (B). Scale bars: 200 nm. C: schematic drawing (left) and image (right) of 
the devices used to measure the electrical conductivity. 
 
TEM analysis of these films confirms the differentiation between the two sides. The side 
facing the silver solution exhibits a dense network of particles (Figure 5A), while the side 
facing the hydrazine sulphate solution shows very few discrete particles randomly distributed 
in the crazed areas (Figure 5B). As a result the application of a strong reducing agent, 
nucleation and growth is likely to occur simultaneously, and the particles form in an 
uncontrolled way, i.e., with a large size distribution. In the absence of stabilizing agents, 
which are commonly used in the preparation of stable silver-nanoparticle dispersions,36–38 
these particles agglomerate giving rise to a percolating network inside the crazes. For 
conductivity measurements, copper wires were glued to opposite ends of the film, one time in 
the direction of stretching and a second time in the direction of the crazes using conductive 
glue (Figure 5C). As expected, conductivity is only observed on the side that exhibit the dense 
network of particles.  
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To circumvent cleavage of the polymer backbone, neutral reducing agents such as Sn2+and β-
lactose were used. In first case, to produce completely penetrating veins of metallic silver, 
hydrazine sulphate was replaced by Sn2+ in the form of tin(II) methane sulphonate. Film 
rupture is not observed and SEM-EDX images show completely penetrating veins composed 
of both silver and tin in the crazed areas (Figure 6).  
 
Figure 6: SEM-EDX mapping of the film using tin(II) methane sulfonate as reducing agent. 
Scale bars: 100 µm. 
 
TEM analysis of the microstructure indicates the formation of nanoparticles in the crazes, but 
their distribution is not homogeneous and percolating networks are only formed in parts of the 
structure (Figure 7). Conductivity measurements in analogy to Fig. 5C were negative in all 
directions, which could be due to i) the lack of an extensive percolating network, ii) the 
formation of ionic particles instead of metallic particles, or iii) the incorporation of ionic 
impurities originating from Sn2+/Sn4+. These possibilities on their own or in combination will 
lead to the formation of non-conductive films.  
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Figure 7: TEM micrograph of the crazed areas after using tin(II) methane sulfonate as 
reducing agent. Scale bar: 200 nm. 
 
To avoid the possible formation of ionic impurities ß-lactose was used as a reducing agent,39, 
40
 in analogy to the manufacture of silver mirrors.  
 
Figure 8: SEM-EDX mapping of the treated film using ß-lactose as a reducing agent. Scale 
bars: 100 µm. 
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The SEM-EDX micrograph (Figure 8) of such a film reveals complete penetration of the 
silver in the crazes, but TEM analysis (Figure 9) shows that the reduction of Ag+ using ß-
lactose is slow at room temperature and, thus, only few silver particles were formed in the 
crazes during the exposure. Since the particles are not connected to each other no conductivity 
was observed in these films. Both above mentioned cases using tin(II) methane sulfonate and 
ß-lactose as reducing agent gave rise to the formation of silver nanoparticles in the crazes, but 
conductive films were not obtained. 
 
Figure 9: TEM micrograph of the crazed areas after using ß-lactose as reducing agent. Scale 
bar: 200 nm. 
 
For a fast reduction under neutral conditions, aqueous formaldehyde solution41 was chosen as 
a reducing agent. The obtained films were black and brittle because of the precipitation of Ag 
particles but not fragile. Film rupture or even dissolution as observed using hydrazine did not 
occur. To check for potential changes in the polymer as a side effect of the redox reaction, the 
films were subjected to IR and Raman spectroscopy (Figures 10 and 11).  
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Figure 10: IR-photoacoustic spectra of authentic PET and stretched/ crazed PET films. 
 
 
 
Figure 11: Raman Spectra of the authentic PET and stretched/ crazed PET films. 
 
No changes in the polymer structure or additional signals such as -COOH or -OH groups 
coming from hydrolyzed chains were observed. However, minute amounts of chain cleavage, 
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especially during stretching, cannot be fully ruled out but appears to be below the detection 
limit.  
SEM-EDX images of these films (Figure 12 A, B) show the complete penetration of silver 
veins along the crazes. Microstructural analysis using TEM (Figure 12 C) reveals a dense 
network of silver particles throughout the crazed areas.  
 
Figure 12: SEM image (A) and EDX Ag-mapping (B) of the film obtained after using 
aqueous formaldehyde solution as reducing agent. The TEM micrograph (C) is an 
enlargement of the marked area. 
 
The particles are 50–100 nm in size and interconnected with each other, thus forming a 
percolating network from one end of the craze to the other. In the stretching direction, the 
silver veins are separated by stripes of pure polymer. The width of the silver veins according 
to TEM analysis is 1.02 ±0.9 µm and the space between the veins is 18.6 ±18.6 µm 
(determined from SEM images). However, solvent crazing is a random process in such a way 
that neither the exact position nor the exact width of the crazes or the distance between the 
crazes can be controlled precisely, and veins from 25 nm to 5 µm as well as spaces between 
the veins from 1 to 95 µm have been observed. Conductivity measurements on a device 
analogous to Figure 5C indicate conductivity in the direction of the crazes with a sheet 
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resistance of 6.2 Ω/□ and larger than 20 MΩ/□ (maximum resistance range of the instrument 
used) in the direction of stretching (film thickness 160 µm). 
 
 
4.4 Conclusions 
We have shown that the microvoids formed during the solvent crazing of PET films can be 
used as nanoreactors to precipitate percolating silver-nanoparticle networks by counter 
diffusion of diamminesilver(I) nitrate and a reducing agent. Strongly nucleophilic and alkaline 
reducing agents cleave the polyester backbone very fast. Thus, to generate metallic veins that 
penetrate the complete cross section of the film, neutral but fast reducing agents such as 
formaldehyde are required. The resulting structure resembles a parallel arrangement of wires, 
and anisotropy arises from the repetitive pattern of silver veins and unstretched polymer. By 
this method, we could generate anisotropically conductive polymer films by means of a 
simple low-cost process that reduces the use of noxious materials. Since solvent crazing is not 
limited to PET, similar materials can be prepared using PE, PP, poly-(amide)s, and the like. 
Such materials could be used in electronics, flat panel displays, and interconnection 
technologies for laptops, monitors, TVs, and cellular phones. 
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Chapter 5 
 
 
Current dependent anisotropic conductivity of 
locally assembled silver nanoparticles in solvent 
crazed hybrid polymer films 
 
 
5.1 Introduction 
 
The combination of polymers with a second, mostly inorganic phase to form hybrid materials 
has seen an enormous increase in both academic and industrial interest. Electrically 
conductive hybrid structures combining the advantages of both phases have particular benefits 
due to their light weight, design flexibility, or cost efficiency.1–3 This has led to advanced 
technological applications like printable conductors for electronics, sensors, energy storage 
devices such as batteries and capacitors, antistatic packaging, electro-optical devices, 
electromagnetic interference shielding etc.4–10 The incorporation of an inorganic phase into a 
polymer is readily achieved by precipitation of the inorganic compound inside the polymer 
matrix or blending the two compounds in the melt.6, 11, 12 Of particular interest are hybrid 
structures in which the distribution of the discontinuous phase is not homogenous, but follows 
a regular pattern. These materials may show anisotropic properties. If the dispersed phase is a 
conductive material, special patterning can lead to anisotropic electric susceptibility and 
conductivity. The practical use of electrically anisotropic composites ranges form a 
conventional electronic interconnection to special microwave devices.13 
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So far, anisotropic conductivity due to patterning has mainly been achieved by conventional 
methods of printed circuit boards manufacture, which include advanced technologies such as 
flexible circuits and high-density interconnections.14, 15 To create fine patterns, lithography16–
18
 or micro-contact printing are widely used.19, 20 Both methods permit the fabrication of 
regular arrays with submicron resolution, but both are essentially surface-modification 
techniques and the formation of bulk structures needs further technological steps. Although 
micro-contact printing is quite suitable for pattern-replicated fabrication, the soft stamps have 
a limited lifetime, and in order for the silicone rubber stamp to be compatible with hydrophilic 
inks the surface properties of the material have to be changed by regular physical or chemical 
treatment. 
If the desired pattern is rather simple (e.g. an array of parallel microwires for anisotropic 
electric conductivity), it is possible, but also necessary to avoid sophisticated multi-step 
replication processing. Of particular interest would be the combination of established methods 
for the preparation of metallic nanoparticles with those generating localised porosity in 
polymer films. This allows for a continuous, flexible, and cheap production of anisotropically 
conductive films. To achieve a macroscopic electric conductance with this combination, the 
particles must agglomerate to form extended, interconnected networks inside the pores. In a 
previous paper, we described a novel approach for the preparation of anisotropically 
conductive hybrid polymer films using solvent crazing followed by counter-current 
diffusion.21 Solvent crazing is a universal process that is applicable for nearly all semi-
crystalline polymer materials, leading to the formation of dissimilar crazes, i.e. a local 
network of nano-sized voids bridged by polymer fibrils.22–27 These crazes were subsequently 
used as nanoreactors to grow silver nanoparticles as agglomerated networks. The networks 
appear macroscopically as more or less parallel metallic veins running through the film. 
However, crazing is generally a random process so that neither the exact width of the crazes 
nor the distance between the crazes can be controlled precisely. Veins of approx. 25 nm to 5 
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µm width with distances between the veins of approx. 1 to 95 µm have been found. 
Preliminary measurements showed a sheet resistance of 6.3 Ω/□ along the veins and >20 
MΩ/□ (maximum resistance range of the instrument used) across the sample.  
Herein, we present a study on the electrical properties of PET/silver hybrid films using cyclic 
voltammetry (CV) as well as small-signal impedance measurements and reveal the correlation 
of the microstructure of the silver nanoparticle networks with the current/voltage response. 
Also, we report on temperature coefficient of resistivity (TCR) and demonstrate the 
possibility to tune the material properties by thermal annealing under electric field. The 
PET/Ag hybrid films used in this study were prepared as described in chapter 4. For 
conductivity measurements rectangular samples of 9 × 4 × 0.15 mm were used, with copper 
wires glued to the short edges by conductive glue. 
 
5.2 Experimental 
5.2.1 Materials 
A4 sized sheets of partially oriented poly(ethylene terephthalate) films (Tg = 72 °C, degree of 
crystallinity = 28% ±5 by DSC) of approx. 160 µm thickness were obtained from Klöckner 
Pentaplast (Kempten, Germany). Silver nitrate was purchased from Fluka AG, formaldehyde 
solution (37% in water) and n-propanol from Merck and ammonium hydroxide solution (25% 
in water) from KMF. All chemicals were of analytical grade and used as received without 
further purification. A silver-based conductive epoxy from ITW Chemtronics (Denmark) was 
used to glue the copper wires to the sides of the film. 
 
5.2.2 Methods 
Transmission electron microscopy micrographs were recorded using a Zeiss Libra 120. For 
TEM analysis, the film samples were embedded in acrylate resin and cut with an ultra 
microtome in the plane of the film. Cyclic voltammetry and impedance measurements were 
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recorded on IM6 Electrochemical Workstation (Zahner-Elektrik GmbH & Co. KG, Germany). 
The impedance was measured in the range of 0.5–500 KHz. The Agema 570 Infrared 
Condition Monitoring System with calibrated image-processing software and built-in 24° lens 
was used for contactless temperature measurements. Thermal annealing (including annealing 
under voltage) and measurements of the temperature coefficient of resistance were performed 
in a Memmert SFE-400 hot air steriliser (Memmert GmbH & Co KG, Germany) using a 
Keithley 2400 SourceMeter (Keithley Instruments Inc., USA). 
 
5.2.3 Preparation 
To prepare the porous films, a 10 × 5 cm sample was stretched on a Zwick 1425 tensile-
testing machine at a controlled rate of 5 mm/min while submerged in n-propanol. The final 
elongation of the sample was 100%. The diffusion of aqueous solution of diamminesilver(I) 
nitrate from one side of the dialyser and formaldehyde from the other in the generated pores 
was allowed to proceed for 24 hours. After completion of the reaction, the film was washed 
thoroughly with distilled water and dried in air over night. Further details can be found in 
chapter 4. 
5.3 Results and discussions 
In cyclic voltammetry at low amplitudes of ±0.2V, the current follows the triangular shape of 
the applied voltage (Fig. 1A). From the peak ratios of voltage to current, a resistance of 6.28Ω 
was obtained, which corresponds to a sheet resistance of 2.8 Ω/□. Although within the error 
of the equipment and geometry of the sample, there appears to be a very slight but 
monotonous decrease in the resistance of approx. 1% in 5 cycles. The corresponding 
voltammogram (Fig. 1B) shows a linear dependence, indicating that the material obeys Ohm's 
law. However, when the cyclic voltammetry was run at ±1V (Fig. 1C), a deviation in current 
from the triangular path is clearly observed and the current peaks constantly increase with 
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increasing number of cycles. Calculating the electrical resistance for all the peak ratios, a 
decrease of 15% over 5 cycles is observed.  
 
 
Figure 1: Cyclic voltammetry traces and the corresponding I-V characteristics of the PET/Ag 
hybrid films obtained at ±0.2V (A, B) and at ±1V (C, D) amplitude. Voltage and current are 
represented by grey and black lines respectively. 
 
Plotting the voltammogram (Fig. 1D) verifies the deviation from Ohm's law at voltages 
exceeding approx. 0.4V. This reveals the typical response of a metallic conductor (positive 
temperature coefficient of resistivity) to Joule heating in each cycle. Also, current jumps in 
the vicinity of peaks are observed (cf. Fig. 1C) which are responsible for a gradual irreversible 
transition to a more conductive state from cycle to cycle as illustrated by curves I and II in 
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Figure 1C, D. Visually it was also observed that on exceeding a voltage of approx. 1V, the 
sample started to deform. 
To study the frequency dependence of the resistance, impedance measurements were carried 
out using a sinusoidal alternating voltage (Figure 2). To avoid heating or damaging the 
sample, low amplitudes of 20 mV were used.  
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Figure 2: The relation between impedance of the Ag treated film and frequency before and 
after applying potential. 
 
No frequency dependence of the impedance was observed and the sample demonstrated pure 
ohmic response in the investigated frequency range. The sample was then subjected to 5 
cycles of cyclic voltammetry with amplitude of ±1V and the impedance was measured again. 
No change in the frequency behaviour was observed but the resistance decreased significantly, 
from 6.3 to 4.3Ω. Cyclic voltammetry was repeated again for 5 cycles with amplitude of ±2V 
and the impedance was measured one more time. Still no change in the frequency behaviour 
was observed, but the resistance kept on decreasing substantially, from 4.3 to 0.56Ω. 
To further investigate the observed change, the temperature of the sample was recorded 
relative to the applied voltage. For this, the voltage was ramped in steps of 0.1V, holding each 
step for 30 seconds before measuring the corresponding current and temperature (Fig. 3A). 
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Figure 3: A: current and temperature responses on increasing voltage (self-heating); B: 
resistance changes during thermal annealing cycles (test current 100 µA); C: resistance 
changes during thermal annealing under voltage (oven at 100 °C); D: normalized temperature 
dependencies of resistance before and after annealing under voltage (particles sintering). 
 
The process was repeated up to 1.2V. Initially, the current increased linearly with increasing 
voltage, but as soon as the glass transition temperature (Tg) of the polymer was exceeded a 
strong deviation from the linear behaviour was observed. Upon further increase of the voltage, 
the temperature and current increase became non-continuous and finally jumped to approx. 
200 °C and 1A, which lead to an irreversible deformation and destruction of the sample. 
The measurements of the temperature coefficient of the resistance were performed in an oven 
with enforced air circulation; the excitation current of 100 µA was applied, which gave 
negligible small Joule effect. As can be seen in Fig. 3B, the first heating led to a dramatic 
drop in the resistance when the temperature exceeded Tg. This effect represents non-
equilibrium, irreversible process, therefore there is no sense in extracting TCR from the 
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corresponding part of the data. The following thermal annealing cycles gave only a small 
decrease of the resistance from cycle to cycle; both heating and cooling stages showed good 
linearity of resistance-temperature dependencies, which allows the TCR to be calculated by 
linear regression. The obtained TCR value of ~0.0012 K-1 is somewhat lower than the one for 
bulk silver (0.0038 K-1), which is a typical observation for isotropic silver-based conductive 
adhesives.28, 29 Both, the absence of the impedance frequency dependence and the positive 
TCR are evidence for the direct interconnection of a substantial part of the particles rather 
than electron tunnelling between them.28  
As the next step, the samples were subjected to annealing at 100 °C while applying a stepwise 
increasing voltage (Fig. 3C). Each step in the voltage gave rise to a decrease in the resistance 
in the form of long term decay. The maximum voltage of 1.5V resulted in a power input of 
approx. 0.3W, which led to extra heating of the sample, although not enough to destroy it. As 
a result, the resistance of the sample changed from 28 to 7.5Ω. The subsequent measurement 
of TCR gave a value of 0.0015 K-1, thus showing the tendency of change towards the TCR of 
bulk silver (Fig. 3D), although still being well below it. 
After the treatment described above, the anisotropy of the resistance was tested. To measure 
transverse resistivity, two cuts were made close to the electrodes on opposite sides of the 
sample, in such a way that in the central part of the sample (6.5 x 0.8 mm) the current can 
flow only across the direction of crazes. The resistance measured at 200V DC was about 100 
GΩ, which formally corresponds to sheet resistance of 800 GΩ/□, but in fact is determined by 
water adsorption at the surface of the sample rather then the sample’s dielectric leakage. 
Therefore, the samples remain highly anisotropic. 
Microstructural analysis of PET/silver film before and after applying ±2V indicates notable 
changes in the particle network. In the original sample, the agglomerated particles form a 
network homogeneously spread over the complete width of the craze (Fig. 4A). In contrast, 
after applying ±2V (Fig. 4B), the particles have concentrated in the centre of the craze, almost 
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resembling a filament. Such a structural change was observed in all the samples after applying 
a voltage exceeding approx. ±2V. 
  
Figure 4: TEM micrographs of the crazed area before (A) and after applying 2V (B). 
 
The observed change in the microstructure is assumed to be the reason for the significant 
decrease in the sample resistance after applying a high enough voltage. An increased mobility 
of the particles after exceeding Tg can induce secondary agglomeration of the particles driven 
by the dispersion forces30 and the applied electric field, which enhances the attraction of the 
particles towards each other and aligns them into chains.31 Subsequently, the agglomerated 
particles may be subjected to thermal∗32 and electrical33 sintering, forming filaments of higher 
conductivity. The observed increase of the TCR as a result of samples annealing under 
voltage also proves the elaboration of conductive paths with metallic resistance. 
 
5.4 Conclusions 
In conclusion, a linear relationship between current and voltage was established in the high-
conductivity direction at low amplitude showing that the film is an ohmic conductor. At 
moderate voltage, non-linearity due to self-heating was observed, which is typical for 
materials with positive temperature coefficients of resistivity. However, applying moderate 
                                                 
∗
 it has been shown that silver nanoparticles can be sintered already at approx. 150 °C. 
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voltages causes a deviation from the ohmic behavior and induces an irreversible change in the 
microstructure of the particle network leading to a significant irreversible decrease in the 
resistance. The idea of making polymer films containing metallic nanoparticles with electrical 
conductivity provides a new, relatively simple and cheap path to designing a material that 
resembles an arrangement of parallel microwires. Although the crazing process so far does 
not give rise to highly regular patterns, the material might be considered as an alternative to 
commercial ribbon cables in some special cases, and could be used for electronic 
interconnects, electrostatic protection and electromagnetic interference shielding, wire-grid 
polarizers, and other passive microwave components. 
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